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m     dielectric constant of membrane
n-3     omega-3   
AD Alzheimer’s disease
ALA -linolenic acid
ACBP acyl-CoA binding protein
ADHD attention deficit hyperactivity disorder
BBB blood brain barrier





CPE constant phase element
CPEm    constant phase element of membranes
CPEi constant phase element of electrolyte interface
CPEs     constant phase element of electrolyte solution
CPESiO2 constant phase element of SiO2 
CMC critical micellar concentration
CVC critical vesicular concentration
D     dissipation
DHA docosahexaenoic acid
DPPC dipalmitoylphosphatidylcholine
EIS electrochemical impedance spectroscopy
EPA eicosapentanoic acid
h      thickness 
f frequency
FA fatty acids
FABP fatty acid binding protein
FAT fatty acid translocase
 x 
FATP fatty acid transport protein
FFA free fatty acids
Liss-RhodPE 1,2-doileoyl-sn-glycero-3-phosphoethanolamine-N-
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NBD-PC  1 palmitoyl 2 {12 [(7 nitro 2 1,3benzoxadiazol 4 yl) 
amino]dodecanoyl} sn glycero 3 phosphocholine
PUFA polyunsaturated fatty acids
HCl hydrochloric acid
LC-PUFA long-chain polyunsaturated fatty acid
NMR nuclear magnetic resonance spectroscopy
NaCl sodium chloride




PKC protein kinase C
POPC     1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine





R      resistance 
Rm resistance of membrane
Ri resistance of electrolyte interface
Rs resistance of electrolyte solution
RSiO2 resistance of SiO2 surface 
Rhod-DPPE 1,2-dipalmitoyl-sn-glycer-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl)
SDS sodium dodecyl sulphate
SiO2 silicon dioxide 
SLB supported lipid bilayer
SM sphingomyelin
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THESIS SUMMARY
This thesis is presented in the “Thesis by Publication” format, in which I have 
evaluated the relationship between docosahexaenoic acid and phospholipid 
species found in neuronal cell membranes. In order to do this, multiple topics 
were investigated, including the incorporation and subsequent changes to 
physicochemical properties of SLBs following DHA treatment; how the 
presence of fluorescent probes in SLBs influenced DHAs interactions with the 
SLBs and finally; how DHA treatment caused changes to the impedance, 
resistance and dielectric properties of the SLBs to provide a more in depth 
analysis of DHAs behaviour in model membranes. 
In chapter 1, I first introduce the topic of omega-3 fatty acids, in particular DHA 
and its unique role in neuronal cell membranes playing a vital role in the 
structure and important cellular functions. Further to this, the relationship 
between DHA and normal brain development and function is discussed, 
demonstrating the many brain-related disease and disorders associated with 
DHA deficiencies.
Chapter 2, is my publication “ Real-Time Quartz Crystal Microbalance 
Monitoring of Free Docosahexaenoic Acid Interactions with Supported 
Lipid Bilayers” , published in Langmuir, 2016. This chapter presents a QCM-
D study investigating the incorporation (via changes in frequency) of FFA-DHA 
into POPC and POPC-mixed SLB and the subsequent changes to the 
physicochemical properties (via changes in dissipation). It provides a critical
analysis of how the differences in head group, charge and degree of 
unsaturation in the acyl chains of the different phospholipids mixtures
influences these two parameters. I specifically looked to determine how the 
 xv 
presence of anionic phospholipids (PS and PI) in the POPC-mixed SLBs 
caused a changed behaviour following DHA treatment, compared to the pure 
POPC SLB. The effect of calcium ions on the POPC/PS SLBs was also 
investigated.
Chapter 3, is my publication “ Critical effects of polar fluorescent probes on 
the interaction of DHA with POPC supported lipid bilayers” , published in 
Biochimica et Biophysica Acta (BBA) – Biomembranes, 2018. Based on my
knowledge of how fatty acid structure (including head group size and charge, 
and degree of unsaturation in the acyl chains) affected DHA incorporation
(presented in chapter 2), it was questioned if the addition of fluorescent probes 
would also influence DHAs interaction with the SLBs, therefore providing a less 
reliable technique to visualise changes to SLBs. The QCM-D provided an 
effective label-free technique to see how the presence of fluorescent probes, 
NBD-PC and Liss-RhodPE caused DHA to behave differently in the probed-
POPC SLBs, compared to a POPC SLB. 
Chapter 4, is my publication “ Electrochemical Impedance Spectroscopy 
Study of the interaction of Supported Lipid Bilayers with Free 
Docosahexaenoic Acid” published in Medicinal & Analytical Chemistry 
International Journal, 2018. This article provided an in-depth analysis of the 
changes in resistance, impedance and dielectric properties of POPC and 
POPC-mixed SLBs to gain insight into how DHA treatment interacts with the 
phospholipids to influence the SLBs structure and function. EIS provided a 
valuable technique in addition to the data collected from the QCM-D, for the 
study of model membranes.
 xv i 
Chapter 5, provides a summary and concluding remarks from the findings from 




Docosahexaenoic acid (DHA) is an essential polyunsaturated fatty acid and 
is a primary component of cell membranes within the central nervous system. 
As the most abundant polyunsaturated omega-3 fatty acid found in 
mammalian neuronal cell membranes, DHA is vital to the mammalian brain 
throughout all stages of life including for neuronal development and function 
[1]. Dietary deficiencies in DHA has been associated with ageing [2] and 
other  brain-related disease or disorders including attention deficit 
hyperactivity disorder (ADHD) [3-5], psychiatric conditions, including 
depression and bipolar [6] and neurodegenerative diseases such as 
Alzheimer’s disease [7] and Parkinson’s disease [8]. DHA has received much 
attention in recent years, due to its high concentration, and retention from 
infancy in neuronal cell membranes, compared to other similar 
polyunsaturated fatty acids (PUFAs). Thus it has been hypothesised that 
increased intake of n-3 PUFAs, particularly DHA might play a protective role 
against behavioural and age-related neurological disorders including 
memory, attention span and cognitive decline [3]. 
It has been reported that only a small proportion of DHA reaches the brain in 
both human and animal studies [9-13] because of the presence of the blood 
brain barrier (BBB) that exists between the blood and the central nervous 
system. Thus understanding how to enhance the delivery of DHA to the brain 
may contribute to neuronal healthy and the alleviation of disease and
disorders associated with DHA deficiencies.DHA can be incorporated into 
membranes either as a free fatty acid (FFA) or esterified to phospholipids, 
namely phosphatidylserine (PS) and phosphatidylenthanolamine (PE) [14]. 
While both forms of DHA are known to be important for neuronal cell survival, 
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little is known about how FFA-DHA interacts with phospholipid bilayers that 
create the backbone of cell membranes. The aim of the study was to show 
FFA-DHA interactions with supported lipid bilayers (SLB) made of individual 
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Docosahexaenoic acid, DHA, is the most abundant omega-3 (n-3) fatty acid in 
neuronal cell membranes [1]. It is vital to the mammalian brain throughout all 
stages of life including for neuronal development and function [2]. Dietary 
deficiencies in DHA has been associated with ageing [3] and other brain-
related disease or disorders including attention deficit hyperactivity disorder 
(ADHD) [4-6], psychiatric conditions, including depression and bipolar [7] and 
neurodegenerative diseases such as Alzheimer’s disease [8] and Parkinson’s 
disease [9]. DHA has received much attention in recent years, due to its high 
concentration, and retention from infancy in neuronal cell membranes, 
compared to other similar polyunsaturated fatty acids (PUFAs). Thus it has 
been hypothesised that increased intake of n-3 PUFAs, particularly DHA might 
play a protective role against behavioural and age-related neurological 
disorders including memory, attention span and cognitive decline [4]. There is 
evidence that DHA reduces oxidative stress, has anti-inflammatory actions and 
is linked to improved neuron function, including neurotransmission, membrane 
fluidity, ion channel and enzyme regulation and gene expression [1, 2, 10].  
 
Fatty acids and their classification 
Fatty acids (FA) are naturally occurring molecules found at high concentrations 
within the cell membrane. They are distinguishable by a hydrocarbon chain 
with a methyl group (CH3) known as the omega (ω) terminal at one end, and a 
carboxyl group (COOH) at the other [11]. Fatty acids can range from 2 to 30 
carbons in length. Saturated FAs consist of only single bonds between carbon-
carbon and are fully saturated with hydrogen atoms. Unsaturated FAs may 
contain one (mono unsaturated) or multiple double bonds making their chain 
polyunsaturated. 
Polyunsaturated fatty acids (PUFA) can be classed as either an omega-6 (n-
6) or omega-3 FA, based on the position of the double bond in relation to the 
methyl “omega” terminal. The three n-3 FAs most important to humans include 
α-linolenic acid (ALA) (18:3n-3), eicosapentanoic acid (EPA) (20:5n-3) and 
docosahexaenoic acid (DHA) (22:6n-3) [12].  ALA is the precursor for the n-3 
FA family, and via an elongation-desaturation pathway n-3 metabolites EPA 
and DHA are produced [7]. ALA can be desaturated by the enzyme Δ6 
desaturase enzyme involving the addition of one double bond (Figure 1). 
Newly synthesized 18:4n-3 is further elongated to arachidonic acid (20:4n-3) 
by the enzyme elongase. Finally, Δ6 desaturase and β-oxidation play a vital 
role in the synthesis of DHA (22:6n-3) in the peroxisome from 
docosapentaenoic acid (22:5n-3) [9, 13, 14]. 
 
Figure 1. Metabolic pathway and synthesis of DHA in the liver. Figure adapted 
and modified from (Bazinet & Laye, 2014) [13]. 
Although the n-3 PUFA EPA and DHA can be synthesised from ALA via a 
desaturase and elongase pathway [7], mammals, including humans, cannot 
efficiently synthesise omega fatty acids de novo. Some reports predict that less 
than 5 percent of ALA is converted to EPA and that less than 0.5 percent is 
converted to DHA, respectively [15, 16], and therefore humans must obtain 
these fatty acids from their diets [17, 18]. The short chain precursor n-3 fatty 
acid, ALA can be obtained from foods including vegetable oils, soybeans, 
walnuts and wheat germ [19]. In contrast, photosynthetic and heterotropic 
microalgae have an efficient enzymatic system not found in vertebrates to 
synthesise omega-3 metabolites [7, 20]. Krill and fish are able to acquire these 
through the marine food chain hence making microalgae, krill and fish some of 
the best sources of n-3 FAs, specifically DHA [21].  Because n-3 FAs cannot 
be efficiently synthesised within the body and must be acquired from our diet, 
they are referred to as essential fatty acids [6]. 
 
Cell Membrane – Structure and function  
The cell membrane is a selectively permeable barrier that regulates the 
transport of ions and other solutes in and out of the cell [22]. It is comprised of 
amphipathic lipids, most significantly phospholipids, glycolipids and 
cholesterol [8, 23, 24]. The relative proportions of these lipid components 
varies with different cell and membrane types [25]. A double layer of 
phospholipids produces the backbone of the cell membrane with phospholipids 
characterised by a hydrophilic head group consisting of a phosphate group 
and two hydrophobic fatty acid tails [26].  
Neuronal cell membranes contain a heterogeneous mix of different classes of 
phospholipids. The main phospholipids include sphingomyelin (SM),  
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phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 
(PS) and phosphatidylinositol (PI) [23, 27]. Each of these phospholipids has a 
different structure with a different lipid head group, charge and fatty acid tail 
and their distribution differs between the different brain cells [28]. The 
presence of certain phospholipids is thought to provide specific metabolic and 
physical properties, including ability to interact with proteins and second 
messengers [25]. For instance, in mammalian cell membranes, neutral 
phospholipid, PC is predominantly located in the outer leaflet and accounts for 
45-55% of the total lipid content [29, 30]. Whereas, acidic phospholipids PS 
and PI are predominantly located in the inner leaflet, accounting for 2-10% and 
10-15% lipid content, respectively [29, 30]. These acidic phospholipids are 
recognised by soluble proteins and a proportion of PI can be phosphorylated 
at either the C3-, C4- and/or C5- positions resulting in a range of 
phosphoinositides (PIPs) that act as second messengers to mediate cellular 
responses [25, 29].  
The unique physical properties of individual phospholipid species, including 
their shape, size and charge (specifically of the head group), and degree of 
acyl chain unsaturation, influences the physicochemical properties of the 
bilayers they form. Cylindrical phospholipids including PC, PS and SM form 
flat bilayers with zero curvature, whereas PI and its PIPs exist as inverted 
conical shapes that form bilayers with a positive curvature, and PE exists as a 
conical shape due to its small head group in relation to its unsaturated fatty 
acid tails, forming bilayers with a negative curvature [29, 31]. Although this is 
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a growing area of research, the unique pattern of phospholipids with different 
lipid head groups and the asymmetric design of the inner and outer leaflet of 
the cell membrane is not fully understood [28]. 
 
DHA and neuronal cell membranes 
The nervous system has the second highest lipid content, second to adipose 
tissue [32], with 35 percent of the lipid content in the brain made up of PUFA 
[33]. PUFAs are predominantly concentrated in the fatty acid tails of 
phospholipids, attached via ester bonds (esterified) at the sn-2 position [23, 
28, 34] and to a lesser extent existing as free fatty acids (FFA) [35]. DHA is 
present in 30-40% of phospholipids within the gray matter of the cerebral 
cortex, and is found in abundance in synaptosomal membranes [36, 37] [23, 
28]. Within the gray matter PS and PE contain the highest DHA content while 
PI and PC have the smallest content [23]. Apart from its structural role in these 
membranes, the substantial presence of DHA suggests its importance in the 
optimal development, function and aging of neural structures, playing a key 
role in regulating neuronal activity including modulating receptors, ion 
channels and signaling proteins as activators for a number of gene 
transcription factors [2, 38, 39]. 
 
DHA distribution amongst the phospholipids differs significantly and also 
changes with age [23]. Phospholipids are constantly undergoing deacylation 
and reacylation processes via phospholipase A2 and acyltransferases that 
cause fatty acids to be shuttled amongst different phospholipids [28]. This 
process is important for the maintenance of neuronal membranes as it controls 
the balance of FFA (unbound) and esterified (attached to a 
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phospholipid/triglyceride) PUFAs [28]. If the level of FFA-PUFAs is too high, 
the neuronal membrane can become unstable causing cell injury and death 
[24, 28]. Esterification of fatty acids restores membrane integrity and is vital for 
neural cell survival [28]. Another important role for DHA within the cell 
membrane is the synthesis of PS, which has been linked to the level of DHA 
in the membrane [40]. A study where rats were supplemented with 10mg/day 
of DHA for 8 weeks was shown to cause changes in phospholipid synthesis, 
including the production of new PS and PI species [41].  
 
Neuronal cell membranes enriched in DHA exhibit distinct physicochemical 
properties afforded by its unique structure. Phospholipids esterified with DHA 
take on an inverted cone-like shape where the tails are larger in respect to the 
phospholipid head group, producing a bilayer with a negative curvature [42] 
and promoting membrane fusion [43]. A study reported that cultured small 
unilamellar vesicles derived from T27A tumor cells that contained DHA were 
8.6 times more fusogenic than vesicles containing oleic acid [44, 45]. 
Membranes enriched in DHA possess high compressibility (allowing a 
relatively large decrease in volume when placed under pressure) with reports 
stating 18:0-22:6 PC to be 1.8 times and 1.1 times more compressible than 
18:0-18:1PC and 16:0-18:1PC, respectively [46, 47].  
 
Nuclear magnetic resonance spectroscopy (NMR) and X-ray diffraction has 
enabled measurements of the elastic deformation of membranes to be made 
[48]. The results showed that polyunsaturated chains in membranes form 
flexible, looped and helical structures [49] rather than stiff and inflexible 
structures which is often the perception of chains with many double bonds [48]. 
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The flexible nature afforded by DHAs long polyunsaturated chain results in a 
greater lipid packing disorder and a larger cross-sectional area [50, 51]. This 
means less energy is required to deform the membrane, and space between 
the lipids allows increased transport and deeper penetration of water and other 
solutes [52, 53].  One report showed bilayers enriched in DHA to be 2.7 times 
more permeable to water [54, 55]. This is consistent with a report using T27A 
tumour cells which were fused with 18:0-22:6 PC vesicles, where the presence 
of the DHA caused the plasma membrane to become leaky [44]. It has also 
been predicted that an increase in fluidity or synaptic membrane plasticity may 
result in enhanced synaptic potential and cognitive function [56]. For example, 
DHA was found to elevate levels of hippocampal brain-derived neurotrophic 
factor (BDNF) and enhance cognitive function of rats experiencing brain 
trauma [57]. The lysophosphatidylcholine form of DHA was also shown to 
significantly increase BDNF levels in mice [58]. DHAs ability to changes 
membrane fluidity may also be in part a consequence of the associated 
phospholipid structure, in particular its head group [44]. 
 
The increased packing disorder as well as the reduced Van der Waals 
interactions of lipids affects the lipid flip-flop rate, increasing the lipids ability to 
move between the inner and outer leaflet [42]. A 39 times enhancement in the 
rate of flip flop was seen for large unilamellar vesicles containing DHA [42]. It 
also decreases the phase transition temperature which controls whether the 
lipids exist as a gel or liquid therefore affecting the lipid phase behavior of cell 
membranes [52, 59].  It has been hypothesised that DHA participates in the 
arrangement of plasma membrane microdomains [60]. These disordered 
domains exist (both compositionally and organisationally) distinct from lipid 
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rafts and so would support non-raft cellular functions [61], including proteins 
signaling and transport molecules [60]. 
 
DHA dietary deficiencies and disease 
Brain development, including the increase in brain size and the rapid 
elaboration of new synapses corresponding to an increase in gray matter 
volumes, is the greatest from the third trimester of gestation and up to the first 
two years of age, with myelination of white matter the greatest at the end of 
the second years of age [2, 62]. The highest DHA accumulation in the brain 
occurs during gestation, slowing down during infancy [63-65]. DHA uptake 
plateaus during adulthood, however, DHA is highly retained by the brain 
following neuronal development [23, 39]. The critical role DHA plays in normal 
brain development and function has been demonstrated in number of animal 
studies. In a study, where pregnant rhesus monkeys suffered a DHA deficiency 
during gestation, the developing rhesus monkey foetus was preferentially 
supplied DHA to avoid the consequences of maternal DHA deficiency [66, 67]. 
The effects of diets deficient in DHA on pregnant or lactating animals has also 
been reported to cause decreased DHA brain levels and subsequently altered 
metabolism of neurotransmitters, dopamine and serotonin, and membrane-
associated enzyme and receptor activities [66, 67]. A chronic deficiency in n-3 
FA in rhesus monkeys from as early as conception, continuing after birth and 
up to weaning, was associated with a significant decrease in the concentration 
of DHA in nerve cells [66, 67]. Similar observations were made in studies using 
rats [67]. The low levels of n-3 FA resulted in learning and visual impairments, 
with rats exhibiting inferior performance in a Y-maze and inability to distinguish 
between black and white [66, 67]. 
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The influence of DHA on brain development is further demonstrated in a report 
investigating the cell cycle and neurogenesis of lobster brains following an n-
3 fatty acid enriched diet. It was shown that after only a few weeks of diet 
modification of LC-PUFA content, the number of neurons in the lobster brain 
could be increased [68].  In another study, pregnant mice were fed an n-3 fatty 
acid diet and the effect of DHA on hippocampal development of the embryonic 
foetus was evaluated. In DHA supplemented neurons, spontaneous synaptic 
activity was shown to increase and DHA treatment resulted in a significantly 
increased number of synapsin puncta, indicating improved synaptogenesis 
[69]. When deficient rats were fed an n-3 diet at different stages of 
development, it was shown that the diet was able to restore neuronal 
membrane fatty acid composition as well as dopaminergic neurotransmission, 
if fed within the lactating period. This was compared to when the diet was fed 
after weaning, which resulted in only a partial recovery of biochemical 
parameters [70]. 
 
Human placenta transfers of DHA to a foetus were also shown to be dependent 
on the maternal plasma DHA, with studies showing that when pregnant women 
were fed DHA supplementation of either fish or fish oil, it led to an increased 
DHA in plasma and red blood cell lipids of the infant at birth [71, 72]. Therefore, 
the delivery of maternal DHA stores via placental transfer and breast milk 
during pregnancy and after birth is critical to healthy brain development and 
function; [17, 71] and DHA deficiencies are suggested to have a more profound 
effect if they occur during the developmental years of life leading to a decrease 
in DHA levels in the brain, compared to adult deficiencies [39, 48]. Given the 
integral role DHA plays in membrane lipids, specifically neuronal cell 
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membranes, it is thought that inadequate DHA alters brain development via 
altered membrane structures which may lead to an altered functional effect 
[73]. 
 
The importance of dietary intake of n-3 fatty acids and specifically DHA, 
throughout adulthood is evident in many brain-related conditions that report 
altered fatty acid compositions or low levels of circulating DHA that have been 
associated with ageing [3], attention deficit hyperactivity disorder [4-6], 
psychiatric conditions, including depression and bipolar [7] and 
neurodegenerative diseases such as Alzheimer’s disease [8] and Parkinson’s 
disease [9]. A significantly reduced concentration of DHA has been found in 
ADHD patients brains [4, 5].  Omega-3 supplementation of EPA and DHA were 
tested on ADHD patients to see its effect on symptoms including perfectionism, 
hyperactivity, inattention and being anxious/shy and it concluded there was a 
significant improvement in symptoms compared to placebo [4]. In a second 
study looking at PUFA supplementation including DHA on ADHD children, 
significant improvements were seen in parent-rated behaviour problems and 
teacher-rated attention difficulties [74]. 
 
Depression sufferers have been shown to have a lower level of omega-3 DHA 
in their blood [75] whilst also women who suffered postpartum depression have 
been shown to have dietary DHA deficiencies and inadequate seafood 
consumption [76]. Inadequate DHA stores during pregnancy due to the extra 
nutrient demand to the growing foetus may cause women to undergo a 
depletion of their maternal plasma DHA stores which may be the cause of the 
increased incidence of depression throughout child bearing and postpartum 
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periods [77]. A DHA deficient brain may cause depression via the development 
of kindling, a process of repeated self-propagating periods of depression 
caused by stress [77]. This condition has been associated with the stimulation 
of protein kinase C (PKC) and other second messengers required for long term 
signal transmission [77]. Phosphatidylcholine containing DHA can stabilise 
PKC either potentiating or attenuating its activity [77]. Lithium, a known mood 
stabiliser also attenuates PKC. This may be due to lithium induced increases 
in DHA in phosphatidylethanolamine and phosphatidylinositol, as seen in a rat 
brain [77]. Hence this evidence leads us to believe that an increase in neural 
DHA may work as an effective dampener of depression in response to stress 
via its ability to attenuate signaling pathways such as PKC [77-79] . Another 
study reported a link between rats fed a DHA-deficient diet (during gestation 
and lactating) with the onset of depression-like symptoms following puberty, 
demonstrating that sufficient DHA levels throughout the developmental stages 
play a critical role in our susceptibility to depressive-like behaviors and mood-
associated biomarkers, including brain-derived neurotrophic factor levels later 
in life [80].  
 
Bipolar disorder is characterised by a process known as rapid cycling, 
alternating periods of depression and mania associated with overactive 
phosphatidylinositol signaling pathways [81]. Low levels of n-3 fatty acids has 
been observed in the erythrocyte membranes of bipolar disorder patients [82]. 
Based on this observation, a clinical trial was performed to assess n-3 fatty 
acids as an effective mood stabiliser for bipolar disorder, with the treatment 
resulting in a significant decrease in symptoms including remission of 
depressive symptoms, within a patient group of men and women aged 18 to 
 12 
65 years old [81]. The increased concentration of n-3 fatty acids in 
phospholipids is thought to work by suppressing the phosphatidylinositol signal 
transduction pathways which play a key role in the kindling process that leads 
to rapid cycling in bipolar patients [83]. The n-3 FAs may also cause a change 
in the physical and chemical properties of the cell membrane resulting in cell 
membrane phospholipids becoming more resistant to phospholipase 
hydrolysis, reducing second messengers molecules and inhibiting signaling 
pathways [83].   
 
Neurodegeneration is associated with the death of neurons, astrocytes and 
oligodendrocytes which occurs in neurological disorders such as Alzheimer’s 
disease [28]. Two mechanisms known to produce cell death are apoptosis and 
necrosis [28]. Some evidence suggests that DHA protects the brain from cell 
death via anti-apoptotic properties, with one study reporting DHA-induced a 
decrease of apoptosis in M17 cells, suspected to be a result of a reduction of 
zinc transporter, ZNT3 expression and zinc uptake [84]. DHAs anti-apoptotic 
properties has also been linked to its ability to reduce the production of 
oxidative 'free radicals' [84, 85]. However, the possible anti-apoptotic and/or 
antioxidant nature of DHA, and incidence of AD following human consumption 
of n-3 PUFA still remains conflicting. 
 
Brain DHA levels are reported to decrease with normal ageing in both humans 
and rats, in humans the decline was shown to correlate with a decline in cortex 
gray matter volume associated with age [86]. Despite this, Alzheimer’s disease 
patients exhibit a further reduction in PUFAs including DHA in the phospholipid 
content of neuronal cell membranes [8], and a study testing the effect of DHA 
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on Alzheimer's disease concluded that dietary DHA may reduce the risk of this 
disease [20]. In a double-blind, randomised, placebo-controlled, multi-center 
clinical trial, human test subjects showed a 2-fold reduction in the number of 
visuospatial learning and episodic memory errors when treated with 900mg/d 
of DHA, compared to control [87]. In another study, using Alzheimer’s disease-
induced rats, reduced levels of oxidative radical, lipid peroxide were found in 
those rats who were administered DHA; and reduced DNA fragments caused 
from cell damage were found in subjects who were pre-administered DHA [19]. 
This indicates that DHA may provide a protective antioxidant or anti-apoptotic 
property [19]. Supporting these claims, a study evaluated DHA 
supplementations and lutein (800mg/d DHA and 12mg/d lutein) in women 
(aged 50-80 years) on their cognitive function. Subjects who received both 
DHA and lutein showed improved verbal fluency, memory and learning [88]. 
Alternatively, a double-blind, randomised, placebo-controlled trial that 
investigated the effect of high (1,800mg) and low (400mg) supplementation of 
EPA and DHA for 26 weeks, showed no overall effect on cognitive function of 
healthy individuals [10]. 
 
 DHA uptake mechanisms in the brain and neuronal cells 
The levels of DHA in the brain remains unclear and despite the evidence of 
fatty acids entering the brain the exact mechanism in which this occurs is not 
well understood. Of the DHA that is synthesised by ALA in the liver, an animal 
study hypothesised that only 10 per cent of the DHA is delivered to the brain 
[89]. Further, it was observed using a radiolabeled ALA-rich diet fed to guinea 
pig that the brain received only 22-25 per cent of DHA, whilst 50 per cent was 
distributed in the muscle and adipose tissue [90]. As local de novo DHA 
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synthesis are low, DHA levels are maintained via the delivery from circulating 
levels in the blood [39]. Circulating levels of DHA in the blood can reach as 
high as 5 per cent of that which is ingested orally however, a very small 
percentage of this reaches the brain compared to other tissues such as kidney, 
liver and heart [39, 90, 91].  One study suggests only ~0.5 per cent of the 
circulating content is delivered to the central nervous system [92]. This low 
distribution of DHA to the brain suggests insufficient delivery and therefore it 
is of particular interest to find effective ways to deliver DHA to brain cells that 
could provide treatments for brain-related health conditions associated with 
DHA deficiency.  
 
Following the ingestion of DHA, gut lipases deliver the unesterified FFA-DHA 
to the small intestine for processing to create circulating forms of DHA [39]. To 
reach the brain from the liver, DHA is transported through the blood in three 
forms, i) as triglycerides and phospholipids within a lipoprotein, ii) as lyso-
phosphatidylcholine bound to albumin or iii) or as a FFA also bound to albumin 
[93, 94].  The two theories of fatty acid passage through neuronal cell 
membranes and into neuronal cells include a passive diffusion involving a 
transmembrane movement known as ‘flip-flop’ [95, 96] and a protein-mediated 
transport mechanism using carriers such as fatty acid transport protein (FATP) 
[95, 97]. Unesterfied FFA-DHA  readily passes across the BBB, and it is 
believed the brain obtains most of its DHA from FFA-DHA in the blood [39].   
 
In general, long chain FA (>12 carbons) are less soluble than shorter FAs and 
have trouble diffusing through the cell membrane. If they are uncharged they 
bind to the outer leaflet of the cell membrane and diffuse across [95]. Once 
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entering the cell membrane, these uncharged fatty acids can undergo a  ‘flip-
flop’ mechanism that moves them from the outer leaflet to the inner leaflet [95, 
98]. Evidence of transport into neuronal cells by diffusion was initially seen 
when high rates of ‘flip-flop’ of uncharged long chain fatty acids in unilamellar 
PC membrane vesicles was reported [96]. This process is dependent on the 
physical properties of the membrane and the fatty acid, including its length and 
degree of unsaturation [98]. Charged molecules also ‘flip’ through the cell 
membrane by first entering via their aliphatic chains, and then the carboxylic 
acid protonated to avoid the negative charge [99].  
 
The second theory of transport involves a protein-mediated transport. The 
main proteins involved in this process include fatty acid transport protein 
(FATP) [96], plasma membrane fatty acid binding protein (FABP) [98], and 
fatty acid translocase (FAT) [100]. For DHA to enter the brain, the FA is 
released from the inner leaflet of the neural membrane and binds to FATP, 
FABP or acyl-CoA binding protein (ACBP), which prevents repartitioning back 
into the membrane. If DHA does not bind, it may be released back into the 
plasma and rebind with serum albumin [101]. 
 
In a study looking at the incorporation of DHA, which was intravenously 
injected into 20-day-old rat brains, the incorporation of lyso-PC was favoured 
over the unesterified form [102]. DHA recovered in the brain from lyso-PC 
intake was increased by 10-12 fold compared to when delivered as FFA-DHA 
[102]. This preference of lyso-PC DHA was surprising as free FAs are very 
lipid soluble and enter the brain via simple diffusion, unlike esterified FAs which 
cannot as easily enter the brain [103]. This may indicate a specific preference 
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that the brain has and may distinguish lyso-PC as an important DHA carrier to 
the brain [104]. This was supported by a recent study that orally administered 
lysophosphatidylchloline (40mg DHA/kg) to adult mice for 30 days, reporting a 
two-fold increase in DHA content of the brain. The same amount of FFA-DHA 




Given DHAs critical role in neuronal development and function demonstrated 
through animal and human studies, it is of interest to understand how this 
molecule interacts with neuronal cell membranes, in particular the different 
phospholipids which contribute to neuronal membranes. Currently gaps still 
exist in our understanding of how DHA interacts with individual phospholipids, 
and how this affects the properties and function of neuronal cell membranes. 
By investigating the factors that influence DHAs ability to incorporate into 
membranes and interact with the different phospholipid species, contributing 
to differing physiochemical properties, this study will aid in understanding how 
DHA contributes to normal brain development and function, and how the 
development of brain-targeted DHA supplementation may alleviate brain-
related symptoms associated with DHA-deficiencies.  
 
Specific objectives 
The experimental procedures were undertaken to accomplish the following 
objectives: 
To measure, the amount of DHA that is incorporated into a POPC SLB and 
how the presence of anionic phospholipids, PI and PS and Ca2+ influenced 
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both the incorporation and the subsequent viscoelastic changes of the SLBs, 
following DHA incorporation.
To determine, if the presence of fluorescent probes, NBD-PC and Liss-
RhodPE in a POPC SLB resulted in any measureable changes to the 
membrane formation and more importantly, if the presence of probes resulted 
in a functional change, determined by differences in DHA incorporation and
viscoelastic properties, following DHA treatment.
To analyse, the electrochemical changes including changes in impedance, 
resistance and the dielectric constant of POPC, POPC/PS, POPC/PI SLBs
following treatment with different concentrations of DHA and in the presence 
of Ca2+, to aid in a more comprehensive understanding of DHA incorporation 
into SLBs and the presence of substitution or rearrangement phenomenon 
within the lipid bilayers. 
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Interactions with Supported Lipid Bilayers” , and published in Langmuir, 
provides a novel investigation into DHA incorporation and the subsequent 
changes to physicochemical properties of lipid bilayers. This thesis section 
describes the formation of POPC SLB and POPC-mixed with PIP and PS SLBs 
on a silica-coated quartz crystal, which acts as a nano-sensor to measure 
changes in frequency (Hz) and dissipation (AU). This manuscript also presents 
the perturbations in frequency and dissipation of the POPC and POPC-mixed 
SLBs, as well as the influence of Ca2+ on POPC/PS SLBs, following the 
incorporation of FFA DHA. I describe the profound effect of DHA in these model 
membranes, causing large changes in mass, fluidity and thickness. The 
interaction and behaviour differed across the different SLBs, highlighting DHAs 
unique affiliations with individual and mixed phospholipid species and the 
influence of cations such as Ca2+ on this interaction with PS. We determined that 
the POPC SLB resulted in the largest DHA incorporation and increases in fluidity 
and thickness of the SLBs formed; the changes in frequency and dissipation 
were concentration dependent; and the addition of anionic phospholipids PIP 
and PS caused both altered lipid packing and changes in bilayer surface charge 
that influenced repulsive forces between the negatively charged SLB and a 
negatively charged FFA DHA. The presence of Ca2+ also influences both lipid 
packing and electrochemical interactions near or on the surface of the SLB. 
Lastly, we provided evidence that FFA DHA does incorporate into lipid bilayers 
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ABSTRACT: Docosahexaenoic acid (DHA) is the most abundant polyunsaturated
omega-3 fatty acid found in mammalian neuronal cell membranes. Although DHA is
known to be important for neuronal cell survival, little is know about how DHA
interacts with phospholipid bilayers. This study presents a detailed quartz crystal
microbalance with dissipation monitoring (QCM-D) analysis of free DHA inter-
actions with individual and mixed phospholipid supported lipid bilayers (SLB). DHA
incorporation and subsequent changes to the SLBs viscoelastic properties were
observed to be concentration-dependent, influenced by the phospholipid species, the
headgroup charge, and the presence or absence of calcium ions. It was observed that
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) SLBs incorporated the
greatest amount of DHA concentration, whereas the presence of phospholipids,
phosphatidylserine (PS), and phosphatidylinositol (PI) in a POPC SLB significantly
reduced DHA incorporation and changed the SLBs physicochemical properties.
These observations are hypothesized to be due to a substitution event occurring
between DHA and phospholipid species. PS domain formation in POPC/PS 8:2 SLBs was observed in the presence of calcium
ions, which favored DHA incorporation to a similar level as for a POPC only SLB. The changes in SLB thickness observed with
different DHA concentrations are also presented. This work contributes to an understanding of the physical changes induced in a
lipid bilayer as a consequence of its exposure to different DHA concentrations (from 50 to 200 μM). The capacity of DHA to
influence the physical properties of SLBs indicates the potential for dietary DHA supplementation to cause changes in cellular
membranes in vivo, with subsequent physiological consequences for cell function.
■ INTRODUCTION
Docosahexaenoic acid, DHA, is a polyunsaturated fatty acid
containing 6 double bonds within a 22-carbon chain. It is the
most abundant omega-3 fatty acid in mammalian brain cell
membranes. It is considered to have both structural and func-
tional roles in vivo.1 The importance of the dietary intake of
omega-3 fatty acids is evident in many brain-related conditions,
and DHA dietary deficiencies have been associated with patients
suffering from attention deficit hyperactivity disorder,2−4 psychi-
atric conditions including depression and bipolar disorder,5 and
neurodegenerative diseases such as Alzheimer’s disease.6
Fatty acids such as DHA can exist either as bound (esterified)
to phospholipids, triglycerides, or cholesterol or unbound (free).7
In neuronal cells, DHA is predominantly esterified to phos-
pholipids.7 To reach the brain from the liver, DHA is transported
through the blood (i) as triglycerides and phospholipids within a
lipoprotein, (ii) as lyso-phosphatidylcholine bound to albumin,
or (iii) as a free fatty acid (FFA).8,9 DHA is also synthesized
within the brain from the omega-3 precursor, α-linolenic acid;
however, the rate of production is small within the brain.8
Importantly, DHA bound to albumin is readily released into the
brain or other tissues by the enzymatic activity of lipoprotein
lipase.10 The capacity of DHA to readily diffuse through the
blood−brain barrier and cell membranes without the assistance
of specialized transport proteins potentially makes FFADHA the
more favorable form of DHA to reach the brain through the cell
membrane.8,10−13
DHA supplementation is documented to have many bene-
fits specifically surrounding early childhood brain development
including an improved attention span, processing speed, and
cognitive ability14 and in the aging population, with DHA supple-
mentation resulting in increased mean hippocampal and cerebral
cortex gray matter volumes and improved cognitive scores and
memory compared to controls.15,16 The mechanisms of these
benefits are unclear and are postulated to be associated with
changes in the physical properties of the membranes.17 It has
been reported that the presence of DHA-esterified phospholipids
within model cell membranes (predominantly vesicles and
liposomes) affects properties including membrane curvature,18,19
lipid packing,20,21 lipid flip-flop,18 transition temperatures,20,22
and lipid distribution and domain formation.23 Ultimately, it is
argued that the presence of DHA-esterified phospholipids within
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membranes may influence membrane function including the
activity of signaling proteins and transport molecules.24
There are few reports that describe the effect of FFA DHA on
model membrane properties.25−27 From these, Ehringer et al.25
and Onuki et al.26 have used PC vesicles as a membrane model
and have reported a disordered and more fluid PC membrane
after treatment with free DHA. Another study measured DHA
uptake into phospholipids in murine leukemia T27A cells grown
in culture medium supplemented with 15 μM free DHA. In
this last study, the different phospholipids within the cell were
extracted, and the fatty acid content was measured by gas
chromatography.27 It was shown that DHA incorporation into
PC was higher compared to incorporation into PI and PS at 48 h,
with uptake values of 9.8, 7.0, and 4.7%, respectively.27 Although
evidence of DHA incorporation is provided, these studies do not
offer any molecular insights into how the FFA is incorporated
into the cell membrane and its subsequent effects on the phy-
sicochemical properties of the membrane.
To our knowledge, Thid et al. 2007 reported for the first time a
short quartz crystal microbalance study on the effect of DHA
incorporation into an artificial 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)-supported lipid bilayer (SLB) as a
model membrane.28 However, the main aim of Thid et al.’s work
was to demonstrate the applicability of the quartz crystal micro-
balance with dissipation monitoring (QCM-D) as a suitable
screening method to monitor membrane-remodeling pro-
cesses.28 Consequently, limited information on the structural
changes to the POPC SLB following DHA treatment was
reported. Using the same QCM-D technique, the present study
evaluates the affinity of DHA for POPC in detail and expands the
knowledge to different phospholipid mixtures commonly found
in neuronal cell membranes, including L-α-phosphatidylinositol
(PI) and L-α-phosphatidylserine (PS) mixed within a POPC SLB.
This work shows that POPC SLB incorporated the greatest
amount of DHA. However, DHA incorporation into a POPC
SLB is significantly reduced in the presence of PI or PS. The
effect of calcium ions in alleviating the reduced incorporation in
POPC/PS SLBs is also presented. Distinguishable differences
between the responses of the QCM-D harmonics (third−ninth)
following DHA treatment are also used to shed some light on the
complex physicochemical changes occurring to the SLBs. It is our
hope that this provision of fundamentally useful information may
provide a platform for better understanding the DHA affinity and
incorporation into different mixed supported lipid bilayers and
helping to comprehend the response of different phospholipid
species to this important omega-3 fatty acid.
■ MATERIALS AND METHODS
Reagents. Tris(hydroxymethyl)aminomethane (Tris, 99.9%),
sodium chloride (NaCl, 99.5%), hydrochloric acid (HCl, 37%), sodium
hydroxide (NaOH, 98%), chloroform (99%), ethanol (70%), doco-
sahexaenoic acid (DHA, 99%), and calcium chloride (CaCl2, 99%) were
purchased from Sigma-Aldrich. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), L-α-phosphatidylserine (PS), and L-α-phosphati-
dylinositol-4-phosphate (PI) at 99% purity were purchased from Avanti
Polar Lipids (USA). All of these reagents were used as received without
further purification.
Solutions. Tris buffered saline (TBS, 10 mM) containing 100 mM
NaCl was prepared in Milli-Q water (Millipore, USA). The pH of these
buffer solutions was monitored with a pH meter (Thermo Scientific
Orion Dual Star, Australia) and adjusted to pH 8 using either HCl or
NaOH. An alternative TBS solution was prepared as described before,
but with the addition of 2 mmol of CaCl2.
DHA was prepared as a 50 mg/mL stock solution in chloroform
and stored in a glass bulb vessel in the dark at 4 °C. The required
volume was then aliquoted into a glass vial, the chloroform was
evaporated under a nitrogen stream and the vial placed under vacuum
atmosphere for 24 h to evaporate any residue of chloroform. Finally,
the dried DHA was hydrated in ethanol to prepare a 10 mg/mL
DHA solution. This was stored in the dark at 4 °C. All DHA solutions
were prepared and stored under nitrogen, and the quality of DHA
stock solutions was periodically tested for oxidation products using
liquid chromatography−mass spectrometry (Shimadzu, Japan). The
solution was replaced when M+ ions different from m/z = 327 were
detected. Solutions of 50, 100, and 200 μMDHAwere prepared imme-
diately before experiments by taking the DHA from the 10 mg/mL
ethanolic solution with the use of micropipettes (Bio-Rad, USA) and
diluting it with TBS (or TBS + CaCl2) to the right concentration.
These concentrations were selected because they are typical concen-
trations used in in-vitro studies.28−31 These concentrations are also
consistent with concentrations detected in human plasma following
supplementation.32
Phospholipid solutions of 0.2 mg/mL POPC, PI, and PS were
prepared by dissolving the phospholipid in chloroform. These solutions
were dried under a stream of nitrogen in a fume cupboard. The vial
containing the phospholipids was then placed under vacuum for 24 h to
ensure the removal of any traces of chloroform. Dried phospholipid was
diluted to 0.2 mg/mL in TBS, followed by sonication for 40 min. The
multilamellar vesicles formed during this process were then manually
extruded through an Avanti Polar Lipid mini extruder 10−12 times
containing a 50 nm polycarbonate membrane and a filter to create small
unilamellar vesicles (SUV) with a diameter ≤70 nm.33 This technique is
commonly used for the preparation of SUVs suitable for the formation
of SLBs on a SiO2 surface.
33,34
Quartz Crystal Microbalance with Dissipation Monitoring.
AQCM-D system (E4, Q-sense, Sweden) equipped with silicon dioxide
SiO2-coated 5 MHz AT-cut quartz crystal sensors was used to measure
the formation of SLBs and their treatment with DHA. Before experi-
ments, the SiO2 crystal sensors were cleaned with sodium dodecyl
sulfate (2% SDS) for 20 min, rinsed with DI water, dried under nitrogen,
and exposed to UV-ozone (UV/Ozone ProCleaner, Windsor Scientific,
U.K.) for 20 min. QTools software (Q-sense) was used to measure
changes in frequency (Δf) and dissipation (ΔD) of the third−ninth
harmonics. The Voigt-based model was used to determine the thickness
of the SLBs. For this study, the fluid density and viscosity were fixed at
1.0 × 103 kg/m3 and 1.0 × 10−3 kg/m s, respectively, as all experi-
ments were conducted in aqueous solutions. The density of the lipid
bilayer was fixed at 1.1 × 103 kg/m3, which is concurrent with previous
studies.35−37
Formation of Supported Lipid Bilayers. Supported lipid bilayers
were formed by the adsorption and fusion of SUVs onto a silicon
dioxide SiO2-coated quartz crystal. The quartz crystal was mounted
into the Q-sense flow cell system (Q-sense E4 QCM-D), and the tem-
perature was adjusted to 22 °C. This temperature was selected as
it is well above the phase-transition temperature of all phospho-
lipids, ensuring that all phospholipids were in the liquid-crystalline
phase.38−40 TBS flowed onto the quartz crystal at 300 μL/min.
The frequency was monitored until a stable signal was reached. Then,
the SUV phospholipid solution flowed onto the crystal at 80 μL/min,
and the frequency was monitored to ensure it was consistent with that
of the vesicles adsorbing, fusing, and rupturing.41 TBS flowed through
the system again at 300 μL/min to remove any partially or weakly bound
vesicles.
■ RESULTS AND DISCUSSION
QCM-D was used to analyze the adsorption of unilamellar
POPC vesicles and the subsequent formation of an SLB on the
SiO2 surface. The temporal changes in Δf and ΔD during these
experiments are shown in Figure 1A (POPC), C (POPC/PI 9:1),
E (POPC/PS 8:2), and G (POPC/PS 9:1). The initial formation
of the lipid layers (stage 2 in Figure 1A,C,E,G) is followed by
the addition of TBS buffer to equilibrate the system. Analyses of
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these data using the Δf vs ΔD dependence enabled a structural
change per unit change in frequency (i.e., mass) to be repre-
sented, as shown in Figure 1B,D,F,H.
Figure 1B shows the analysis of the Δf vs ΔD dependence
using unilamellar vesicles composed of POPC. Two stages for the
third−ninth harmonics can be observed. The first stage shows a
Figure 1.Real-timeQCMdiagrams obtained during SLB formation. (A, C, E, G)Δf andΔD vs time diagrams and (B, D, F, H) their respectiveΔf vsΔD
plots obtained during the formation of (A) POPC SLB, (C) POPCwith the addition of 10% PI, (E) POPCwith the addition of 20% PS, and (G) POPC
with the addition of 10% PS. A, C, E, and G: line 1) addition of TBS buffer to equilibrate the system; (line 2) addition of SUVs followed by SLB
formation; and (line 3) buffer wash to remove partially bound vesicles from the formed SLB.
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large mass increase with a reduction in rigidity, related to POPC
vesicles adhering to the crystal surface until a critical vesicular
concentration (CVC) was reached, with frequency (Δf) and
dissipation (ΔD) changes of 34−39 Hz and 2.5−3.1 × 10−6 AU,
respectively. At this point, the second stage has begun with a
decrease in mass and an increase in rigidity corresponding to
the bursting of vesicles, expelling trapped water inside and bet-
ween vesicles with the consequent formation of an SLB. A small
rearrangement of phospholipids occurs at the end of this stage to
form a stable bilayer with final frequency and dissipation values of
25−30 Hz and 9.0 × 10−7 AU, respectively. These values are
concurrent with those associated with stable SLB formation
found previously.42
Figure 1C,D shows the formation of SLBs using unilamellar
vesicles comprising a mixture of POPC and PI in a 9:1 molar ratio.
Similar two-stage behavior in the Δf vs ΔD plot (Figure 1D) to
that of pure POPC was observed. However, the POPC/PI 9:1
SLB produced the largest frequency (54−63 Hz) and dissipation
[(6−8) × 10−6 AU] changes at the CVC. The final SLB values
(Δf = 25Hz,ΔD = 0.7× 10−6 AU) following vesicle rupture were
similar to those of the POPC SLB, indicating that a stable SLB
was formed. It is worth noting that increased harmonic spreading
is observed with the adherence and rupture of the POPC/PI 9:1
vesicles onto the SiO2-coated QCM crystal surface (step 2) in
comparison with membranes formed with only POPC. This
could be an indication of larger vesicles, containing more trapped
water as a result of either the negatively charged headgroup of
PI or an increased area per molecule and increased acyl chain
unsaturation, compared to POPC. The uneven distribution of
the PI molecules in the POPC membrane also may contribute to
this observation.43
The formation of SLBs using unilamellar vesicles com-
posed of POPC and PS at 8:2 and 9:1 molar ratios is shown in
Figure 1E,G, respectively. A similar two-stage pattern in theΔf vs
ΔD plots (Figure 1F,H) was seen compared to POPC SLB for-
mation. However, slightly different frequency and dissipation
values were reached atCVC [Δf = 31−36Hz andΔD = (3−3.7)×
10−6 AU for 8:2 POPC/PS and Δf = 35−41 Hz and ΔD =
(3.4−4.2) × 10−6 AU for 9:1 POPC/PS, respectively]. The final
SLB values were also consistent with those of POPC SLBs.
These results indicate that the presence of PI and PS in POPC
vesicles caused differences in vesicle behavior before rupture.
However, this difference disappears once the final SLB is formed.
Following the formation of SLBs on the SiO2-coated QCM
crystal, concentrations of 50, 100, and 200 μM DHA were
added, and the temporal changes in the third to ninth harmonic
resonance frequency and dissipation were monitored. A typical
QCM-D trace of POPC SLB is shown in Figure 2A. From step
1−3, related to the SLB formation, the harmonics almost overlap
each other, which means that both the bottom and the top
sections of the SLB are moving synchronously with the SiO2-
coated quartz crystal oscillations. When 100 μM DHA is added
(step 4), the harmonics spread dramatically ( fspreading = 66 Hz,
Dspreading = 8× 10−6 AU), indicating a softer and thicker SLB, with
significant differences in the top and bottom layers. As indicated
in Table 1, the POPC SLB incorporated the greatest amount of
DHA and displayed the largest changes in the physicochemical
properties of the four SLBs formed. The Δf followed an almost
linear pattern as the DHA concentration increased, with the
highest Δf seen at 200 μM DHA. The Δf was mirrored by the
ΔD, corresponding to changes in the viscoelastic properties of
the lipid bilayer, showing the largest ΔD also at 200 μM DHA
(Table 1). The Voigt-based modeling to determine the thickness
(h) (Table 2) showed a large increase in the thickness of
the POPC SLB with increasing DHA concentration (50 μM
DHA, Δh = 59 nm; 100 μM DHA, Δh = 83 nm; 200 μM DHA,
Δh = 128.2 nm, respectively). The significant increase in thick-
ness, together with the largeΔD increase, suggests that the incor-
poration of DHA produced a more fluidic SLB on the sensor
surface.
Figure 2B shows the Δf vs ΔD plot of the third−ninth
harmonics response after 100 μM DHA treatment (correspond-
ing to step 4 in Figure 2A). Two distinctive stages can be
observed: Stage one showed a decrease in rigidity and an increase
in mass, associated with DHA incorporation, which was followed
by a small loss in mass (stage two) with no significant change in
dissipation, representing the removal of any partially adsorbed
DHA weakly interacting with the phospholipids. The lowest
harmonics detect the largest addition of mass and decrease in
rigidity, suggesting that DHA is mainly inserted into the upper
part of the bilayer. POPC has a large zwitterionic headgroup
Figure 2. QCM-D data of supported POPC SLB treated with 100 μM DHA. (A) Third through ninth harmonic Δf and ΔD vs time plot and (B) its
respective Δf vs ΔD plot. Line 1: buffer is streamed onto the SiO2 sensor until a stable frequency is reached. Line 2: spontaneous rupture of POPC
vesicles, forming an SLB. Line 3: buffer wash. Line 4: 100 μM DHA is introduced into the QCM cell. T = 22 °C.
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surrounded by a several water molecules, known as a hydration
shell, that interact with POPC molecules through hydrogen-
bonding-type interactions.44,45 The hydration shell and the
absence of direct intermolecular hydrogen bonding between
POPC molecules makes this SLB less tightly packed, increasing
the mobility of the POPC headgroups and the flexibility of
the SLB.44,45 This increased space around the headgroup and
decreased packing order of the POPC SLB could account for the
considerably large amount of DHA incorporated.
The incorporation of DHA in a POPC/PI 9:1 SLB was also
evaluated. This phospholipid ratio was chosen as approximately
10% of the neuronal cell plasma membrane is made of PI.46
Figure 3A shows a real-time POPC/PI 9:1 SLBΔf andΔD versus
time plot of the third−ninth harmonics response after 100 μM
DHA treatment. A reduced Δf and ΔD change, compared to
POPC SLB, was observed following the addition of 100 μM
DHA. In fact, compared to all four bilayers studied, this SLB
shows the smallest Δf after the addition of 50, 100, and 200 μM
DHA, reaching only 29, 22, and 21.5% of the POPC SLB
incorporation, respectively (Table 1). This SLB also presented
the smallest changes to the viscoelastic properties, reaching
only 21, 17, and 14% of the POPC SLBs for 50, 100, and 200 μM
DHA treatments, respectively (Table 1). Interestingly, the SLB
thickness increased by 51 ± 24 nm following the addition of
50 μMDHA, which was a larger change than that observed after
the addition of 100 and 200 μMDHA (hf = 29± 21 and 25± 9.2,
respectively) (Table 2). Therefore, the POPC/PI 9:1 SLB
following the incorporation of 50 μM DHA caused the SLB
to expand and grow in thickness, in comparison to the SLBs
following the incorporation of higher DHA concentrations, which
suggests that a more complex process may be occurring.
TheΔf vsΔD plot for the POPC/PI 9:1 SLB illustrated a two-
stage process following 100 μM DHA treatment (Figure 3B).
The first stage shows a large increase in mass and a decrease in
rigidity indicating DHA incorporation into the SLB, producing a
more fluidic bilayer. Stage two involves an increase in frequency
(seventh harmonic: Δf = 9.4 Hz) associated with a loss in mass,
directly followed by an increase in mass and a decrease in rigidity
(seventh harmonic:Δf =−3.65 Hz,ΔD = 1.03 × 10−6 AU). This
behavior could indicate a rearrangement/substitution of mole-
cules between phospholipids andDHAmolecules. Figure 3B also
shows spreading of the harmonics, although the spreading
( fspreading = 7.5 Hz, Dspreading = 8.0 × 10−7 AU) is dramatically less
than that of POPC SLB, and the harmonics differ in their
behavior. Interestingly, the lower harmonics, corresponding to
the top of the bilayer,47 detected the largest mass increase; how-
ever, the higher harmonics corresponding to the bilayer closest to
the sensor surface47 showed the largest increase in dissipation.
Table 2. Thickness of the SLBs in the Presence and Absence of DHAa
DHA conc
SLB 50 μM 100 μM 200 μM
POPC hi (nm)
b 10 ± 0.70 10 ± 1.9 9.8 ± 0.5
hf (nm) 69 ± 2.0 93 ± 33 138 ± 22
POPC/PI(4)P (9:1) hi (nm) 10 ± 6.3 9.9 ± 2.9 10 ± 3.1
hf (nm) 51 ± 24 29 ± 21 25 ± 9.2
POPC/PS (8:2) hi (nm) 6.8 ± 0.76 5.7 ± 0.73 5.1 ± 2.3
hf (nm) 18 ± 4.4 21 ± 6.8 34 ± 12
POPC/PS (9:1) hi (nm) 4.7 ± 0.90 7.8 ± 1.5 6.2 ± 1.6
hf (nm) 4.1 ± 0.50 25 ± 6.4 55 ± 6.9
POPC/PS (8:2) (CaCl2)
c hi (nm) 13 ± 4.7 13 ± 4.3 12.9 ± 2.4
hf (nm) 76 ± 17 96 ± 25 122 ± 0.50
POPC/PS (9:1) (CaCl2)
c hi (nm) 9.1 ± 3.6 9.9 ± 2.4 8.0 ± 2.2
hf (nm) 16 ± 2.6 19 ± 5.6 21 ± 6.1
aData obtained from viscoelastic modeling (Voigt-based modeling) using Q tools (mean ± SEM) (n = 4). bThickness of SLB in the absence (hi) and
presence (hf) of DHA.
cSLB formed in the presence of 2 mmol CaCl2
Table 1. Frequency and Dissipation Changes on the SLBs in the Presence of DHAa
DHA conc
SLB 50 μM 100 μM 200 μM
POPC Δf −24 ± 1.7 −39 ± 5.4 −51 ± 4.6
ΔD 12 ± 0.7 24 ± 2.1 33 ± 7.4
POPC/PI(4)P (9:1) Δf −7.0 ± 2.1 −8.6 ± 1.0 −11 ± 1.9
ΔD 2.5 ± 1.3 4.1 ± 0.3 4.6 ± 0.4
POPC/PS (8:2) Δf −1.9 ± 0.4 −20 ± 1.9 −15 ± 3.2
ΔD 1.3 ± 0.5 5.1 ± 0.4 7.4 ± 0.6
POPC/PS (9:1) Δf 0.3 ± 0.8 −22 ± 1.2 −15 ± 1.8
ΔD 1.0 ± 0.1 4.9 ± 0.2 7.7 ± 0.6
POPC/PS (8:2) (CaCl2)
b Δf −22 ± 2.9 −51 ± 5.3 −11 ± 3.8
ΔD 13 ± 0.7 26 ± 2.3 27 ± 2.2
POPC/PS (9:1) (CaCl2)
b Δf 2.0 ± 0.8 −1.4 ± 0.3 −3.2 ± 0.7
ΔD 0.7 ± 0.1 4.2 ± 0.5 5.8 ± 1.1
aData obtained from the seventh harmonic (mean ± SEM) (n = 4). T = 22 °C. The changes in frequency (Hz) and dissipation (10−6 AU) values
reported were obtained as the measured difference between SLB formation in the absence of DHA and that observed after DHA treatment. bSLB
formed in the presence of 2 mmol CaCl2.
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There are two possible hypotheses to explain this behavior. The
first one is that phospholipid species could be removed primarily
from the bottom of the SLB in exchange for DHA, which has a
lower molecular weight and increased flexibility, explaining the
reduced mass and the larger D value of the higher harmonics.
This hypothesis is supported by the fact that DHA’s involvement
in lipids’ flip-flop and lipid exchange processes such as this has
been shown.18,21 The second hypothesis is that this behavior
could be related to DHA-rich domains, resulting in the formation
of nanoscale-type pores.23,48,49 It is worth mentioning that the
removal of large phospholipid species in exchange for smaller
DHA molecules would also account for the reduced Δh com-
pared to that seen at 50 μM DHA.
The Δf and ΔD obtained from the seventh harmonic suggest
that the presence of 10 molar percent PI in the SLB decreased
both the DHA incorporation and the consequent effects to the
viscoelastic properties of the SLB (Table 1). However, because of
a possible exchange between DHA and phospholipids
(phospholipid species being pushed out of the SLB in exchange
for DHA) the observed Δf (Figure 3B, stage 2) cannot in
principle be directly matched to DHA incorporation levels but
to a possibly more significant SLB modification. Therefore, a
phospholipid membrane with different physical properties and
more DHA molecules than that detected by the QCM-D tech-
nique may in fact be present.
Figure 4 shows the effect of DHA on 8:2 and 9:1 POPC/PS
SLBs. These two ratios were selected because PS has been
reported to exist in 12 to 22% of the phospholipid content in
nervous tissues.50 Similarly, Roux et al. reported that the PS
content of cell membranes does not exceed 20%.51 Nonetheless,
independent of the different PS molar percent ratios, the Δf vs
time and ΔD vs time plots show similar Δf and ΔD values
following DHA treatment (Figure 4A,C and Table 1). The
maximum DHA incorporation was seen at 100 μM, with a slight
decrease at 200 μM and a minimum effect observed when the
SLB is treated with 50 μMDHA. Interestingly, these results were
not mirrored by the dissipation or thickness changes observed,
which increased with increasing DHA concentration (Tables 1
and 2). This indicates that although a smaller mass intake was
detected following 200 μM DHA, large changes in the SLBs
viscoelastic properties were occurring. This behavior may suggest
that a substitution effect could take place where the heavy phos-
pholipid is replaced by DHA molecules in a ratio that prevents
the observation of a net mass change. The Δf vs ΔD plots
following 200 μM DHA (Figure 4E,F) strengthen this
hypothesis, with stage 2 suggesting a much larger substitution
event, compared to 100 μM DHA (Figure 4B,D).
Two-stage behavior following 100 μM DHA treatment was
observed for both POPC/PS SLBs (Figure 4B,D) in the
respective Δf vs ΔD plots. Stage one shows a mass increase
and rigidity decrease associated with the bulk of the DHA
incorporating into the SLBs. During stage two, it is possible to
see a loss followed by a regain in mass, whereas the SLB rigidity
continuously decreased. This pattern may indicate a rearrange-
ment of molecules, with a net mass increase and decrease in
rigidity.
In stage one, the third−ninth harmonics overlap, indicating
that DHA inserts into the bilayer and results in a similar effect
on both the bottom and top layers. However, an evident
harmonic spreading of the third−ninth harmonics is seen in
stage two (8:2, fspreading = 6.8 Hz, Dspreading = 0.44 × 10−6 AU;
9:1, fspreading = 5.9 Hz, Dspreading = 0.2 × 10−6 AU). These small
Dspreading values indicate that the DHA incorporation affects
the viscoelastic properties of the top and bottom layers of the
SLB evenly, although the lower harmonics show the larger
frequency values, which may suggest that the top of the bilayer
is the heaviest. This could be a consequence of additional DHA
or the removal of more phospholipid from the bottom in
exchange for DHA.
It is also important to consider the way that PS and POPC
molecules interact, which also can affect the SLB’s ability to adapt
to the incorporation of molecules. Published data states that the
presence of PS causes tighter lipid packing of the SLB because PS
is known to produce a smaller cross-sectional area, known as a
condensing effect due to PS having a small headgroup, straight
acyl chains, and an increased number of hydrogen-bonding inter-
actions between neighboring lipids via the phosphate, carboxyl,
and ammonium groups.52,53 Evidence of this is shown in the
mean initial thickness (hi) of the POPC/PS SLBs (8:2, hi =
5.86 ± 1.36 nm; 9:1, hi = 6.23 ± 1.3 nm, respectively) compared
to those of POPC and POPC:PI (hi = 9.93± 1.03 nm; hi = 9.96±
4.1 nm, respectively). Sodium ions from the TBS may also inter-
act with the serine headgroup, reducing negative repulsion
between PS molecules, further allowing close packing of the
phospholipids.54 A study using 25 and 11 molar percent ratios of
PS in a PC bilayer showed that the space between PS lipids was
Figure 3. QCM-D data of supported POPC/PI 9:1 SLB treated with 100 μM DHA. (A) Third−ninth harmonic Δf and ΔD vs time plot and (B) the
respective Δf vs ΔD plot. Line 1: buffer is streamed onto the SiO2 sensor until a stable frequency is reached. Line 2: spontaneous rupture of POPC/PI
9:1 vesicles, forming an SLB. Line 3: buffer wash. Line 4: 100 μM DHA is introduced into the QCM cell. T = 22 °C.
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18 and 27 Å, respectively, indicating that PS-specific domains
do not form and instead PS is distributed throughout the
bilayer. The negatively charged PS mixed throughout the
bilayer would provide a surface negative charge that would
be distributed over several molecules, rather than localized on
the individual PS lipid.55 Although no further reduction on the
DHA incorporation in this SLB can be observed by increasing
the PS content to 20 molar percent, from the more pronounced
stage two in Figure 4D, we can hypothesize that more sub-
stitution may occur in the POPC/PS 9:1 SLB compared to the
POPC/PS 8:2 SLB.
The change in thickness of these two POPC/PS SLBs (Table 2)
provides further insight into how DHA incorporation causes
changes to the bilayers’ physical properties. The POPC/PS 8:2
SLB shows an increase in thickness with increasing DHA
concentration (50 μM, Δh = 11.2 nm; 100 μM, Δh = 15.3 nm;
200 μM,Δh = 28.9 nm, respectively), whereas the POPC/PS 9:1
SLB shows almost no response to 50 μMDHA (Δh =−0.6 nm),
similar changes in thickness, compared to POPC/PS 8:2 SLB at
100 μM DHA (Δh = 17.2 nm), and a large increase in thickness
following 200 μM DHA (Δh = 48.8 nm). This larger response
following 200 μM DHA, compared to the POPC/PS 8:2 SLB
Figure 4. Real-timeΔf andΔD vs time QCM diagrams (A and C) and their respectiveΔf vsΔD plots (B and D) obtained before and after the addition
of 100 μMDHA to 8:2 (A) and 9:1 (C) POPC/PS SLB. (E and F)Δf vsΔD plots obtained after the addition of 200 μMDHA to a 8:2 (E) and 9:1 (F)
POPC/PS SLB. (A and C) Third−ninth harmonic Δf and ΔD vs time plot. Line 1: buffer is streamed onto the SiO2 sensor until a stable frequency is
reached. Line 2: spontaneous rupture of POPC/PS vesicles, forming an SLB. Line 3: buffer wash to remove any partially adsorbed POPC vesicles.
Line 4: 100 μM DHA treatment. (B and D) Third−ninth harmonic Δf vs ΔD plot. T = 22 °C.
Langmuir Article
DOI: 10.1021/acs.langmuir.6b01984
Langmuir 2016, 32, 11717−11727
11723
36
may be a consequence of two possible scenarios: (i) the reduced
repulsive forces in POPC/PS 9:1 SLBs, which allows more DHA
to be incorporated, or (ii) an effect of the substitution event,
being larger as the PS concentration increases (Figure 4).
Calcium ions (Ca2+) play an important role within the cell
membrane in influencing structure and function, especially in
relation to PS. Studies have reported that Ca2+ binds to the
carboxyl and/or phosphate moieties of PS, bridging the PS
headgroups and displacing water, to form anhydrous domains in
the bilayer.51,56−58 This leads to a phase separation of rigid
PS-Ca2+-rich domains and a fluid POPCphase. The PS headgroups
become immobilized, and the PS acyl chains are fixed in a tight
Figure 5. Real-time Δf and ΔD vs time QCM diagrams (A, C, and E) and their respective Δf vs ΔD plots (B, D, and F) obtained before and after the
addition of 100 μM DHA to POPC/PS SLB (+ 2 mmol CaCl2) 8:2 (A), POPC/PS 9:1 (E), and 200 μM DHA on a POPC/PS SLB 8:2 (C). Line 1:
buffer is streamed onto the SiO2 sensor until a stable frequency is reached. Line 2: spontaneous rupture of POPC vesicles, forming an SLB. Line 3: buffer
wash to remove any partially adsorbed POPC/PS vesicles. Line 4: 100 μMDHA (A and E) or 200 μM (C) is introduced into the QCM cell. T = 22 °C.
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position, reducing the lateral diffusion of molecules and ions.51,59
A study has shown that in a POPC/POPS (8:2) mixture, 60% of
the PS is Ca(PS)2 and the remaining 40% is hydrated PS/PC,
both behaving as pure phases.51,56
Thus, the effect of Ca2+ was investigated. POPC/PS SLBs (8:2
and 9:1) were prepared in the presence of 2 mmol CaCl2, and its
effect on DHA incorporation was evaluated. Figure 5A,E shows
real-time Δf and ΔD versus time plots obtained before and after
the addition of 100 μM DHA to the POPC/PS + CaCl2 SLBs.
The POPC/PS (8:2) + CaCl2 SLB incorporated a significantly
high concentration of DHA, which represents an increase inmass
intake of >1150 and >250% for 50 and 100 μM DHA, respec-
tively (Table 1).
The chelation of PS and the formation of domains increased
the DHA incorporation, allowing the DHA to move easily
through the hydrated liquid POPC phase. A study done with
Melittin peptide targeting lipid rafts suggests that this preferential
adsorption or incorporation into more fluidic lipid domains is
not a response specific to DHA but a more generalized one.37
Meanwhile, a reduced Δf, similar to that seen in the absence of
Ca2+, was observed after the introduction of 200 μM DHA into
the QCM cell (Table 1). This observation was in conjunction
with an increasedΔD of >360%, with respect to the same SLB in
the absence of Ca2+ (Figure 5C and Table 1) and an increased
thickness of Δh = 115.1 nm (Table 2), which suggests that an
exchange process between phospholipid and DHA may predo-
minate at this high DHA concentration. The POPC/PS 8:2 SLB
following 200 μMDHA results in two-stage behavior (Figure 5D).
The first stage shows a mass increase as DHA is incorporated,
producing a more fluidic SLB. This is followed by stage two, with
almost 50% of the stage one mass increase lost and an overall
further increase in fluidity. This behavior suggests that a sub-
stitution event may have taken place; however, the significant
loss of mass is more pronounced, compared to the substitution
event that occurred for the POPC/PS SLB formed in the absence
of Ca2+.
A completely different result was observed when 2 mmol
CaCl2 was added to POPC/PS 9:1 SLB (Figure 5E). In this case,
no significant Δf and ΔD differences after the addition of DHA
were observed with respect to the same SLB in the absence of
Ca2+ (Table 1). It has been reported that the PS-calcium
complexes, previously mentioned, do not occur to a significant
extent when the PS fraction is below 17%.56 This suggests that
the POPC/PS 9:1 SLB formed in the presence of Ca2+ would act
more similar to the POPC/PS SLBs formed in the absence of
Ca2+, with PS distributed throughout the SLB, producing a
negatively charged bilayer. This can provide an explanation
for the reduced DHA incorporation and the changes to the
physicochemical properties observed. The thickness of the
POPC/PS 9:1 SLB formed in the presence of Ca2+ showed a
smaller increase after the addition of 100 and 200 μM DHA
compared to the POPC/PS 9:1 SLB formed in the absence of
Ca2+ (Table 2), which suggests that an additional mechanism
is reducing the DHA incorporation and subsequent physical
changes.
Calcium coordination provides a further explanation of the
differences in DHA incorporation into these two POPC/PS +
Ca2+ SLBs. Calcium ions can coordinate up to 7−9 water mole-
cules (via oxygen) and potentially other ligands via oxygen.
Because water is much smaller than DHA, there may be fewer
DHAs attached; however, it could still coordinate multiple DHA
fatty acids. If this was occurring, the POPC/PS 8:2 SLB would be
able to incorporate these large DHA-Ca2+ complexes through the
fluid POPC domains, as opposed to the POPC/PS 9:1 SLB that
would have increased lipid packing, making it difficult for the
DHA-Ca2+ complexes to fit while also introducing a possible
repulsion between the negatively charged SLB and these large
complexes.
■ CONCLUSIONS
This study presents a detailed QCM-D analysis of FFA DHA
interactions with individual and mixed phospholipid supported
lipid bilayers. DHA incorporation and subsequent changes to the
SLBs viscoelastic properties were concentration-dependent and
influenced by the phospholipid species, their influence on lipid
packing, the presence of Ca2+, and possibly also their headgroup
charges. The use of the QCM-D provides a sensitive and label-
free approach to the formation of model membranes and the
detection of changes caused by the addition of DHA. The different
harmonics allow detailed analyses of physical changes occurring
at different locations within the bilayers, and the Voigt-based
modeling provides further information about the physical changes
caused by DHA.
The POPC SLB incorporated the greatest amount of DHA
and resulted in the largest changes to its physicochemical
properties, including a significant increase in thickness at all three
DHA concentrations. This response is a consequence of the well-
known fluidic SLB being formed with this phospholipid. Any
lipid order caused by van der Waals’ interactions between the
fatty acyl chains may be disrupted to produce a more disordered
lipid bilayer with the addition of DHA. Furthermore, no evidence
of a substitution process was observed.
The presence of PI and PS in the POPC SLB significantly
reduced DHA incorporation and changed the SLBs viscoelastic
properties. The reduced Δf and ΔD values observed after the
addition of DHA is hypothesized to be related to a substitution
phenomenon, which involves DHA incorporation followed
by the rearrangement of molecules within the SLB and the
consequent removal of phospholipids. For the PI containing
SLB, this behavior was evident predominantly at higher DHA
concentrations, suggesting that the frequency and dissipation
values could not be directly related to DHA incorporation.43,60,61
The PS-containing SLBs formed in the absence of Ca2+ also
showed this substitution phenomenon, predominantly following
200 μM DHA incorporation and most significantly in the
POPC/PS 9:1 SLB. This may be a consequence of either the
reduced condensing affect or the reduced negative charge caused
by PS’s presence in a POPC SLB. PS domain formation in
POPC/PS 8:2 SLBs in the presence of Ca2+ increased the DHA
incorporation to a level similar to that found with POPC SLB.
In summary, our study of bilayer formation dynamics indicates
that the presence of PI, PS, and POPC has key influences on the
viscoelastic properties of bilayers. As important cellular processes
including the ion channel, signal transduction, and receptor
protein function are influenced by the cell membrane viscosity,
phospholipid composition may play a critical role in regulating
events at the cell membrane.62,63 The presence of the studied
phospholipids that influence the incorporation of DHA has
significant implications for understanding how cellular mem-
branes incorporate DHA and other omega-3 fatty acids on a
temporal and energy-independent basis. It also indicates that
different cells may vary in their capacity to accumulate DHA, on
the basis of their membrane phospholipid composition.
Studies using model cell membranes will help to better under-
stand the function and mechanisms of the plasma membrane and
may lend insight into how cells regulate events taking place at the
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plasma membrane through the alteration of phospholipid compo-
sition. As previously mentioned, DHA is an important component
of many cells and a speci c role for it in preventing brain cell
death by apoptosis has been demonstrated by us previously.64
Our research to understand the molecular interactions bet-
ween DHA and phospholipids present in neuronal cells provide
insights into how the physicochemical changes produced by
DHA incorporation may lead to a further understanding of the
positive e ect of DHA on brain cell function.
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polar fluorescent probes on the interaction of DHA with POPC 
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fluorescent probes in the formation of POPC SLB and the perturbations these 
probes have on the normal interaction and functional consequences of a 
POPC SLB with FFA DHA. Utilising the QCM-D, this thesis section presents 
the formation of a POPC SLB and shows how the presence of probes, Liss-
Rhod PE and NBD-PC creates little disruption to the formation of a SLB, 
compared to that of a non-probed POPC SLB. The work also describes the 
functional consequence of fluorescent probes, Liss-Rhod PE and NBD-PC, 
when studying a SLBs interaction with FFA DHA. It was determined that 
probes cause substantial changes to a POPC SLBs lipid packing and surface 
charge, resulting in a significant reduction in DHA incorporation, and 
subsequent changes in fluidity and thickness. Lastly, it provided evidence 
that fluorescent probes do cause a functional influence to a POPC SLBs 
normal interaction with DHA, presenting the QCM-D as a novel label-free 
technique to investigate SLBs, and questions if a fluorescent probes can 
provide a trusted representation of lipid bilayer behaviour when interacting 
with other molecules, particularly fatty acids.    
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A B S T R A C T
The understanding of lipid bilayer structure and function has been advanced by the application of molecular
fluorophores. However, the effects of these probe molecules on the physicochemical properties of membranes
being studied are poorly understood. A quartz crystal microbalance with dissipation monitoring instrument was
used in this work to investigate the impact of two commonly used fluorescent probes, 1‑palmi-
toyl‑2‑{12‑[(7‑nitro‑2‑1,3‑benzoxadiazol‑4‑yl)amino]dodecanoyl}‑sn‑glycero‑3‑phosphocholine (NBD-PC) and
1,2‑dipalmitoyl‑sn‑glycero‑3‑phosphoethanolamine‑N‑(lissamine rhodamine‑B‑sulfonyl) (Lis-Rhod PE), on the
formation and physicochemical properties of a 1‑palmitoyl‑2‑oleoyl‑sn‑glycero‑3‑phosphocholine supported
lipid bilayer (POPC-SLB). The interaction of the POPC-SLB and fluorophore-modified POPC-SLB with doc-
osahexaenoic acid, DHA, was evaluated. The incorporation of DHA into the POPC-SLB was observed to sig-
nificantly decrease in the presence of the Lis-Rhod PE probe compared with the POPC-SLB. In addition, it was
observed that the small concentration of DHA incorporated into the POPC:NBD-PC SLB can produce re-
arrangement processes followed by the lost not only of DHA but also of POPC or NBD-PC molecules or both
during the washing step. This work has significant implications for the interpretation of data employing fluor-
escent reporter molecules within SLBs.
1. Introduction
Since the development of fluorescently tagged lipid analogues in the
1980s [1], fluorescent probes have been used to investigate the struc-
ture and organisation of membranes and lipid bilayer dynamics [2].
Fluorescent probes provide a quick, easy and highly sensitive technique
to visualise lipid bilayers [3]. However, the reliability of this technique
must be questioned, as foreign fluorescent probes within lipid bilayers
may cause changes in the structure and potential function of the studied
system [3]. This may reduce the ability to determine the genuine
changes to membrane properties, opposed to those that are a con-
sequence of the incorporated probe.
Studies exist assessing the use of fluorescent probes in model mem-
branes. They have established that their presence alters the physicochemical
properties of lipids or lipid bilayer models [4–8]. For example, molecular
dynamic (MD) simulation studies have reported valuable information of how
the inclusion of 1‑palmitoyl‑2{6‑[7‑(nitro‑2‑1,3‑benzoxadiazol‑4‑yl)amino]
hexanoyl}‑sn‑glycero‑3‑phosphocholine (16:0-6:0 NBD-PC) and 1,2-di-
palmitoyl‑sn‑glycero‑3‑phosphoethanolamine‑N‑(lissamine rhodamine B
sulfonyl) (Liss-Rhod PE) into a dipalmitoylphosphatidylcholine (DPPC) bi-
layer increased the area per lipid and decreased the acyl chain order [4, 5]. It
was predicted that the presence of NBD-PC may cause an increase in the
electrostatic potential and reduce the DPPC lateral diffusion of the phos-
pholipid molecules [4].
Nuclear magnetic resonance (NMR) spectroscopy is another tech-
nique that has been used to show that probes within unilamellar and
multilamellar vesicles partition into either liquid-ordered or liquid-
disordered phases, depending upon the type of probe and the host lipid
bilayer [6–8]. It was shown using 1H MAS NOESY NMR that the hy-
drophilic/polar NBD probe bends around, close to glycerol and car-
bonyl regions near the lipid/water interface of a PC bilayer [9], this was
shown originally by spin label fluorescence quenching [10] and has also
been reproduced using MD simulations [4]. Many other techniques,
such as, electrochemical impedance spectroscopy (EIS), X-ray diffrac-
tion and bending elasticity measurements have provided information
about changes to the structure and dynamic properties, such as thick-
ness, dielectric properties [11], bilayer structure [12] and bending
elasticity [13].
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Reports of altered physiochemical properties prompted researchers
to question the use of fluorescent probes in model membranes, as their
presence may produce unreliable results. This led to the acceptable
concentration range of fluorescent probe used within lipid bilayers to
change as a function of the time. Many probe limits exist within lit-
erature, with ‘low’ concentrations defined as ≤5mol% [14] or ≤1mol
% [15, 16–19]. Presumably, the physicochemical consequences for the
inclusion of fluorescent probes in model membranes below these mol%
concentrations would be negligible and could be deemed as insignif-
icant. However, this viewpoint only considers the effect of the probe on
the overall physicochemical properties of the membrane system and
neglects to consider the probes local environment effect. As a reporter
molecule, fluorescent probes report from their local environment and
although the majority of the SLB may be minimally affected, their ef-
fects on the immediate area of the reporting region may be significant.
Therefore, if probes alter the physical properties of neighbouring
phospholipid species, then their reports are of an altered environment.
This view is shared with a previous report [20].
Although previous studies have given insight into how fluorescent
probes can alter the physicochemical properties of lipids and model
membranes, these findings alone are not sufficient. Techniques such as
MD and NMR are not sensitive enough to measure how low con-
centrations (≤5mol%) of fluorescent probes affect the physicochemical
properties of SLBs [4]. These studies provided no insight into predicting
what consequences these probes have on the functioning of a bilayer, or
how the addition of fluorescent probes to an SLB can affect lipid bi-
layers interactions with a model molecule. Therefore, further evidence
is needed to ascertain the functional effects of fluorescent probes on
lipid bilayer dynamics as they may create artefacts that could lead to
false interpretations.
Docosahexaenoic acid, DHA (Scheme 1), is a polyunsaturated fatty
acid from the omega-3 series and is of particular interest as it is highly
enriched in the neuronal membranes. Its presence has been attributed
to many brain-related health benefits, including improved cognitive
performance, learning and memory [21–24]. The presence of DHA
within neural membranes is associated with reduced neurodegenera-
tion in Alzheimer's and dementia patients [25], whilst also DHA has
been proven an effective treatment for patients suffering from attention
deficit hyperactivity disorder [26–28] and psychiatric conditions in-
cluding depression and bipolar disorder [29–31].
These health benefits are believed to be a consequence of physico-
chemical changes to the cell membrane caused by the presence of these
flexible and polyunsaturated DHA molecules. DHA is known to disrupt
lipid composition of cell membranes, including decreased lipid order
[32, 33], modifying the distribution of lipid rafts and or specialized
domains [34–36], and thereby causes changes to the function of the cell
membrane, including increased fluidity and permeability [37, 38] and
affecting specific protein and antibody attachment [36]. The molecular
mechanisms of these changes are still unknown and therefore, are
currently under investigation.
Thid et al. and Flynn et al. have used a quartz crystal microbalance
with dissipation monitoring (QCM-D) instrument to investigate the in-
teraction of DHA with SLBs [39, 40]. However, to the best of our
knowledge, this is the first study that uses QCM-D to investigate the
incorporation of biologically active molecules, such as DHA, within a
2mol% fluorophore (16:0-12:0 NBD-PC, now referred to as NBD-PC,
and Liss-Rhod PE)-modified supported lipid bilayers (see Scheme 1 for
structures of the different molecules part of this study). The QCM-D has
the capacity to measure a number of lipid bilayer properties such as
changes in mass, viscoelasticity and thickness through changes in fre-
quency and dissipation. By comparing the POPC SLBs interaction with a
functional molecule when formed in the absence and presence of a
fluorescent probe, we conclude that the use of the mentioned probes in
POPC SLB may not be valid as a tool for investigating molecular in-
teractions of cell membranes, specifically those of DHA.
2. Materials and methods
2.1. Reagents
Tris(hydroxymethyl)aminomethane (Tris, 99.9%), sodium chloride
(NaCl, 99.5%), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH,
98%), chloroform (99%), ethanol (70%) and docosahexaenoic acid (DHA,




mine rhodamine B sulfonyl) (16:0 Liss-Rhod PE) at 99% purity were pur-
chased from Avanti Polar Lipids, USA. All these reagents were used as re-
ceived without further purification.
2.2. Solutions
A 10mM Tris buffered saline (TBS) containing 100mM NaCl was
prepared in Milli-Q water (Millipore, USA). The pH of these buffer so-
lutions was monitored with a pH meter (Thermo Scientific Orion Dual
Star, Australia) and adjusted to pH 8 using either HCl or NaOH.
DHA was prepared as a 50mg/ml stock solution in chloroform and
stored in a glass bulb vessel in the dark at 4 °C. The required volume
was then aliquoted into a glass vial, the chloroform was evaporated
under a nitrogen stream, and the vial placed under vacuum atmosphere
for 24 h to eliminate any residue of chloroform. Finally, the dried DHA
was hydrated in ethanol to prepare a 10mg/ml DHA solution. This was
stored in the dark at 4 °C. All DHA solutions were prepared and stored
under nitrogen, and the quality of DHA stock solutions was periodically
tested for oxidation products using Liquid Chromatography-Mass
Spectroscopy (Shimadzu, Japan). The solution was replaced when M+
ions different to m/z=327 were detected. Solutions of 50, 100 and
200 μM DHA were prepared immediately before experiments by taking
the DHA from the 10mg/ml ethanolic solution using micropipettes
(Bio-Rad, USA) and diluting it with TBS to the right concentration.
These DHA concentrations were selected, as they are typical con-
centrations used for in-vitro studies [39, 41–43]. These concentrations
are also consistent with concentrations detected in human plasma fol-
lowing supplementation [44]. Due to the presence of 0.2–0.6% v/v
ethanol in the solvent system, the effect of ethanol on the SLB was
evaluated. It was observed that ethanol does not affect the SLB structure
at this low concentration range, which is consistent with previous re-
ports [45].
Phospholipid solutions of 0.2 mg/ml POPC were prepared by dis-
solving the phospholipid in chloroform. These solutions were dried out
under a stream of nitrogen in a fume cupboard. The vial containing the
phospholipids was then placed under vacuum for 24 h to ensure the
complete removal of chloroform. Dried phospholipid was diluted to
0.2 mg/ml in TBS, followed by sonication for 40min. The multilamellar
vesicles formed during this process were then manually extruded
through an Avanti Polar Lipid mini extruder 10–12 times containing a
50 nm polycarbonate membrane and filter to create small unilamellar
vesicles (SUV), with a diameter≤ 70 nm [46]. The POPC SUV con-
taining 2mol% of NBD-PC or Liss-Rhod PE was prepared following the
same procedure described previously. This technique is commonly used
for the preparation of SUVs suitable for the formation of SLBs on SiO2
surface [46, 47].
2.3. Quartz crystal microbalance with dissipation monitoring
A QCM-D system (E4, Q-sense, Sweden) equipped with silicon di-
oxide SiO2-coated 5MHz AT-cut quartz crystal sensors were used to
measure the formation of SLBs and their treatment with DHA. Before
experiments, the SiO2 crystal sensors were cleaned with sodium dodecyl
sulphate (2% SDS) for 20min, rinsed with DI water, dried under ni-
trogen and exposed to UV-Ozone (UV/Ozone ProCleaner, Windsor
K.R. Flynn et al. BBA - Biomembranes 1860 (2018) 1135–1142
1136 47
Scientific, United Kingdom) for 20min. QTools software (Q-sense) was
used to measure changes in frequency (Δf) and dissipation (ΔD) of the
3rd–9th harmonics. The Voigt-based model was used to determine the
thickness of the SLBs. For this study, the fluid density and viscosity
were fixed at 1.0× 103 kg/m3 and 1.0×10−3 kg/ms, respectively, as
all experiments were conducted in aqueous solutions. The density of the
lipid bilayer was fixed at 1.1× 103 kg/m3, which is concurrent with
previous studies [48–50].
2.4. Formation of supported lipid bilayers
Supported lipid bilayers were formed by the adsorption and fusion
of SUVs onto a silicon dioxide SiO2-coated quartz crystal. The quartz
crystal was mounted in the Q-sense flow cell system (Q-sense E4 QCM-
D) and the temperature adjusted to 22 °C. This temperature was se-
lected as it is well above phase transition temperature of POPC, en-
suring it was in the liquid-crystalline phase [51]. TBS was flowed onto
the quartz crystal at 300 μl/min. The frequency was monitored until a
stable signal was reached. Then, the SUV phospholipid solution was
flowed onto the crystal at 80 μl/min and the frequency monitored to
ensure it was consistent with that of the vesicles adsorbing, fusing and
rupturing [52]. TBS was flowed through the system again at 300 μl/min
to remove any partially or weakly bound vesicles.
3. Results & discussion
The QCM-D was used to investigate the real-time adsorption of
unilamellar POPC vesicles and subsequent formation of an SLB on the
SiO2 surface. The changes in frequency (Δf) and dissipation (ΔD) were
measured during the formation of POPC SLBs in the absence (Fig. 1A)
and presence of fluorescent probes, NBD-PC (Fig. 1C) and Liss-Rhod PE
(Fig. 1E). Step a (Fig. 1A, C and E) represents an equilibration of the
QCM system with TBS buffer. The formation of the supported lipid
bilayers occurs at step b, with the step c representing a buffer wash to
remove any partially bound vesicles. The corresponding data was
plotted using Δf vs. ΔD, enabling the structural change per unit change
in frequency (i.e. mass) to be represented, as shown in Fig. 1B, D and F.
Fig. 1B shows the Δf vs. ΔD plot of POPC SLB formation, with a two-
stage behaviour for the 3rd–9th harmonics observed. Stage one shows a
large mass increase with a reduction in rigidity, related to POPC ve-
sicles adhering to the crystal surface until a critical vesicular con-
centration (CVC) was reached, at frequency and dissipation values of
40–47 Hz and 3.8–4.4×10−6 AU, respectively. The second stage
commences with a decrease in mass and an increase in rigidity corre-
sponding to the bursting of vesicles, expelling trapped water inside and
between the vesicles and the subsequent formation of an SLB. A small
rearrangement of phospholipids occurs at the end of stage 2 where a
stable bilayer is formed at final Δf and ΔD values of 27 ± 2Hz and
Scheme 1. Chemical structures of the different molecules part of this study.
K.R. Flynn et al. BBA - Biomembranes 1860 (2018) 1135–1142
1137 48
1.1 ± 0.3 × 10 6 AU, respectively. These values are highly re-
producible (n = 4) and are consistent with those previously identi ed
with a stable SLB [53].
Fig. 1C–F shows the formation of SLBs using unilamellar vesicles
comprised of a mixture of POPC and the uorescent probes, NBD-PC
and Liss-Rhod PE. The POPC:NBD-PC vesicles showed a similar two-
stage pro le to that of pure POPC with a similar frequency (34–39 Hz)
and dissipation value (3.9–4.7 × 10 6 AU) at CVC, and a comparable
nal frequency ( f na l = 26 ± 2 Hz, D na l = 0.9 ± 0.2 × 10
6 AU;
n = 4) (Fig. 1D) to that of pure POPC SLB. The POPC:Liss-Rhod PE
vesicles showed frequency of 41–51 Hz and dissipation va-
lues = 4.6–5.4 × 10 6 AU at CVC. Although these values are slightly
3rd Ha rm onic 5th Ha rm onic 7th Ha rm onic 9th Ha rm onic
Fig. 1.  Real-time QCM diagrams obtained during the SLBs formation. (A, C, E) f and D vs. time diagrams and (B, D, F) their respective f vs. D plots obtained during the formation of
A)  POPC SLB,  C)  POPC with the addition of 2% NBD-PC,  E)  POPC with the addition of 2% Liss-Rhod PE.  A, C and E Line a) addition of TBS bu er to equilibrate the system; line b)
addition of SUVs followed by SLB formation; line c) bu er wash to remove partially bound vesicles from the formed SLB.
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larger than that of pure POPC SLB at CVC, a similar nal SLB value
( f na l = 26 ± 2 Hz and D na l = 1.0 ± 0.3 × 10
6 AU; n = 4)
(Fig. 1F) is observed. These values, in addition to the very small
spreading of the di erent harmonics at the end of stage 2, indicate that
both probe-containing vesicles formed uniform and stable SLBs.
Therefore, no di erences in nal SLB frequency and dissipation
values between POPC with or without the uorescent probes can be
detected. However, the frequencies and dissipation behaviour of the
di erent harmonics, including the larger changes and increased har-
monic spreading observed at the end of stage one and beginning of
stage two (Fig. 1B, D and F) provides information about the vesicles
before and during rupture, which is consistent with previously reported




Fig. 2.  Real-time f and D vs. time QCM diagrams (A, C and E) and their respective f vs. D plots (B, D and F). 3rd–9th harmonic f and D vs. time plots obtained before and after the
addition of 100 µM DHA on a POPC SLB (A), POPC:NBD-PC SLB (C), and POPC:Liss-Rhod PE SLB (E). Line a) bu er is streamed onto the SiO2 sensor until a stable frequency is reached;
line b) spontaneous rupture of vesicles, forming an SLB; line c) bu er wash to remove any partially adsorbed vesicles; line d) 100 µM DHA treatment; and line e) TBS bu er wash to
remove any partially or weakly bound vesicles. T = 22 °C. Insets in graphs  D  and F: magni cation of the respective graphs.
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data using vesicles [4, 6–9].
Once the SLB was formed on the SiO2-coated crystal, concentrations
of 50, 100 and 200 μM DHA was added followed by a rinsing step with
TBS to remove partially or weakly adsorbed DHA molecules and ve-
sicles. The changes in the 3rd–9th harmonics resonant frequency, dis-
sipation and SLB thickness were continuously monitored during these
steps. A QCM-D trace of the POPC SLB is shown in Fig. 2A. From the
step a to c, corresponding to the formation of the SLB, the different
harmonics overlap each other indicating all sections of the SLB are
moving synchronously with the oscillations of the SiO2 crystal. A dra-
matic spreading of these harmonics (fspreading= 46.1 Hz,
Dspreading= 29.5×10−6 AU) occurs when 100 μM DHA is added
(Fig. 2A, step d) followed by a rinsing with TBS (Fig. 2A, step e) to
eliminate any partially adsorbed DHA weakly interacting with the
POPC SLB. This spreading indicates the formation of a softer and more
dissipative SLB with significant differences between the top and bottom
layers. The Voigt-based modelling to determine thickness (h) (Table 1)
showed no changes in the SLB thickness after the addition of 50 μM
DHA. However, a change was observed with larger DHA concentration.
The significant Δf, ΔD and Δh observed indicate that the incorporation
of DHA produces a more fluidic and thick SLB (at high DHA con-
centrations) on the SiO2 sensor surface. This observation is consistent
with our previous work where a detailed analysis of this interaction was
presented [40].
The Δf vs ΔD plot following the addition of 100 μM DHA into the
system containing the POPC SLB shows a two-stage pattern for all
harmonics (Fig. 2-B). Stage one showed a decrease in rigidity and an
increase in mass, associated with the bulk of DHA incorporation. A loss
of mass and a decrease in dissipation during the rinsing step (stage 2)
represent the removal of DHA molecules weakly interacting with the
POPC SLB. The lowest harmonics, corresponding to the top of the bi-
layer, detect the largest addition of mass and decrease in rigidity sug-
gesting that DHA is mainly inserted into the upper part of the bilayer
[54].
A different behaviour can be observed for both POPC:NBD-PC and
POPC:Liss-Rhod PE SLBs (Fig. 2C–F). The addition of different con-
centrations of DHA to POPC:NBD-PC SLB produce a Δf higher than the
frequency value obtained after the SLB formation (Fig. 2C and D and
Table 2) with a significant reduction in the spreading of the harmonics.
For example, a frequency spreading of 1.3 Hz and a
Dspreading= 0.4×10−6 AU following the addition of 100 μM DHA was
observed (Fig. 2C), which is significative smaller than that observed
with POPC SLB (see above). The unexpected Δf (a positive change ra-
ther than the expected negative one, Table 2) may indicate one of two
possible situations: i) the DHA never fully incorporate into the SLB, or
ii) the DHA is eliminated during the rinsing step together with phos-
pholipid and/or probe molecules. Since the final frequency is higher
than that associated with the formation of the SLB, and this positive
change is not observed in the absence of NBD-PC, the second option
looks to be more likely, in which case the DHA produce a further
change in the SLB weakening enough the intermolecular forces within
the membrane to influence the loss of some of the SLB components
during the washing step. It is worth notice that there were no significant
differences between the positive Δf values following the treatment with
different DHA concentrations, suggesting that the POPC:NBD-PC SLB
behaves similarly irrespective of the DHA concentration, and that an
equivalent amount of either DHA, NBD-PC, POPC or all three species
were lost after the DHA treatment followed by the washing step. The
reduced ΔD observed after DHA treatment (Fig. 2C and D and Table 2),
together with the absence of significant change in the Δh (Table 1),
suggest a minimal effect of DHA on the dissipative/viscoelastic prop-
erty of the POPC:NBD-PC SLB.
The frequency of the POPC:Liss-Rhod PE SLB remains unchanged
after the addition of 50 μM DHA following by a final TBS wash
(Table 2), indicating that the possible interaction between DHA and the
SLB, if any, is smaller than the detection limit of the QCM-D technique.
However, the treatment of the SLB with 100 and 200 μM DHA results in
a negative Δf following the TBS wash (Fig. 2E and F and Table 2), which
were between 81 and 88% smaller compared to the values obtained
with POPC SLB under the same treatment (Table 2). This reduced Δf is
accompanied by a minor spreading of the harmonics. For example,
Fig. 2E and F shows that the addition of 100 μM DHA to a POPC:Liss-
Rhod PE SLB followed by the respective rinsing step produces a
fspreading= 7.1 Hz and a Dspreading= 1.0×10−6 AU. The magnitude of
these changes in f and D, together with a marginal change in the Δh
(Table 1), indicate that most of the DHA molecules weakly interact with
the POPC and/or Liss-Rhod PE molecules, but never fully incorporate
into the SLB.
The capacity of an SLB to incorporate molecules such as DHA is a
consequence of its head group, size, charge and degree of unsaturation.
As discussed by Dickey et al. and Murzyn et al., POPC molecules pro-
duce less tightly packed bilayers with increased mobility of their head
groups [37, 38]. This is a consequence of the large zwitterionic head
group of POPC that allows for increased interactions with water mo-
lecules, producing a hydration shell, and a reduction on the number of
intermolecular hydrogen bonding with neighbouring POPC molecules
[37, 38]. Increasing the space around the head groups causes decreased
packing order and increased mobility of the POPC SLB, allowing more
space for DHA to be incorporated [40].
The addition of fluorescent probes to a POPC SLB disrupts its phy-
sicochemical properties and the subsequent function of the bilayer.
NBD-PC has a highly polar labelled acyl chain (Scheme 1). As stated
previously, NBD-PC bends around, close to the glycerol and carbonyl
region near the lipid/water interface [4]. This behaviour causes a
spacer in between the phospholipids and accounts for the reduced acyl
chain order and increased area per molecule, as shown from MD [4, 9].
The presence of NBD-PC within the bilayer also resulted in a slower
lateral diffusion of PC molecules and reduced rotational mobility of PC
acyl chains, whilst increasing the electrostatic potential across the
Table 1
Thickness of the SLBs in the presence and absence of DHA.a
SLB DHA conc.
50 μM 100 μM 200 μM
POPC hi (nm) 10 ± 1 10 ± 2 10 ± 1
hf (nm) 10 ± 1 96 ± 33 82 ± 22
POPC - 2% NBD PC hi (nm) 9 ± 2 7 ± 1 11 ± 1.0
hf (nm) 10 ± 2 13 ± 4 19 ± 10
POPC - 2% Liss-Rhod PE hi (nm) 8 ± 2 11 ± 3 12 ± 3
hf (nm) 10 ± 4 23 ± 10 47 ± 16
a Data obtained from viscoelastic modeling (Voigt-based modeling) using Q-tools
(mean ± SEM) (n=4). Thickness of SLB before (hi) and after the addition of DHA fol-
lowed by a final rinsing with TBS (hf).
Table 2
Frequency and dissipation changes of the POPC SLB or POPC-fluorophore SLBs in the
absence and presence of DHA.a
SLB DHA conc.
50 μM 100 μM 200 μM
POPC Δf −7.6 ± 1.4 −34.6 ± 6.3 −38.3 ± 12.7
ΔD 3.6 ± 3.3 21.9 ± 0.5 26.6 ± 5.0
POPC - 2% NBD PC Δf 6.3 ± 1.1 8.3 ± 1.4 7.7 ± 1.6
ΔD 0.1 ± 0.1 1.33 ± 0.4 1.4 ± 0.4
POPC - 2% Liss-Rhod PE Δf 0.3 ± 0.2 −6.7 ± 0.4 −4.6 ± 4.4
ΔD 0.6 ± 0.1 4.4 ± 0.6 4.5 ± 0.4
a Data obtained from the 7th harmonic (n= 4). T: 22 °C. The changes in frequency and
dissipation values reported were obtained as the measured difference between SLB for-
mation in the absence of DHA and that observed after DHA treatment followed by a final
rinsing with TBS.
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bilayer [4]. It is believed that these changes are responsible for the
reduced incorporation of DHA molecules in POPC:NBD-PC SLB. The
small concentration of DHA that is incorporated into the SLB may
produce a further increase in area per molecule and a change in elec-
trostatic potential across the membrane, which can result in molecular
rearrangement followed by the observed mass lost.
An important consideration of probes like Liss-Rhod PE is its size
(Scheme 1). With a molecular weight of 1301.715 g, Liss-Rhod PE is
over 70% heavier than POPC. This bulky head group probe has been
reported to affect the molecular mobility and lateral diffusion of lipids
within PC membranes. A study using 2.5 mol% of Liss-Rhod PE showed
that the tilt angle between the probes core and a DPPC molecule was
44 ± 8° [55]. This change in tilt caused a ‘softening’ effect, increasing
the area per lipid and resulting in a 5–10% reduced order parameters
along the entire DPPC SLB [3, 55]. A similar probe, Texas Red 1,2‑di-
hexadecanoyl‑sn‑glycero‑3‑phosphoethanolamine has also been shown
to increase the area per lipid of those PC molecules neighbouring the
probe [55]. Partial charges of individual atoms within the Liss-Rhod PE
head group have shown many atoms bordering the lipid/water inter-
face to be negative [3, 55]. These negative atoms could cause repulsion
with the negatively charged DHA accounting for the reduced in-
corporation. Alternatively, the large polar probe of Liss-Rhod PE may
produce a steric barrier, reducing the SLBs interaction with DHA. A
similar effect has been found with the addition of water-soluble poly-
mers attached to PE molecules within a PC SLB, reducing the SLBs in-
teraction with proteins [56–58]. Independently of the molecular me-
chanism by which the fluorophore molecules interact with DHA
(reducing intermolecular forces, steric effects or both), the observed
behaviour provides reasonable concern about the probes ability to ac-
curately report in its changed environment. Although limited studies
exist investigating the effects of NBD-PC and Liss-Rhod PE on PC bi-
layers, in this study, we have observed that the consequence of their
presence on the incorporation of DHA is significant.
4. Conclusion
The use of fluorescent probes has been previously shown to alter the
properties of lipid bilayers and the vesicles that contain them.
Regardless, it is assumed (excluding the work from Veatch et al. 2007
[8]) that the use of probes at low concentrations will have no significant
effect on an SLB physicochemical properties [4, 14].
This study presented a detailed QCM-D analysis of the formation of
a POPC SLB and POPC SLBs containing NBD-PC or Liss-Rhod PE. This
study also presented the response of a POPC SLB (unmodified and
fluorophore-modified) to DHA treatment. We established that the pre-
sence of fluorescent probes NBD-PC and Liss-Rhod PE have a minimal
effect on the SLB formation. However, it was shown that the presence of
these two probes in a POPC SLB caused a significant change in the SLB
properties and in the way it responds to the presence of DHA. The in-
corporation of DHA into the POPC-SLB was observed to significantly
decrease in the presence of the Lis-Rhod PE probes compared with the
POPC-SLB. In addition, it was observed that the small concentration of
DHA incorporated into the POPC:NBD-PC SLB can produce rearrange-
ment processes followed by the lost not only of DHA but also of POPC or
NBD-PC molecules or both during the washing step. The Voigt-based
modelling provided further information about the probed-SLBs change
in height, following DHA treatment.
This study highlights QCM-D as an effective tool to investigate how
the presence of fluorescent probes in a POPC SLBs affects the SLBs re-
sponse to DHA incorporation. Although this study is limited to re-
porting changes following treatment with only DHA, the results suggest
that care should be taken when reporting findings using fluorescent
probed SLBs. In addition, a large number of analytes should be tested to
establish if a similar response occurs with other molecules. The lim-
itation of this study also includes the high fluorescent probe con-
centration used. Although high probe concentrations similar to this are
still being reported, further studies should be conducted to determine
the functional effects using lower probe concentrations, to determine if
this functional consequence of probes can be minimized.
Transparency document
The http://dx.doi.org/10.1016/j.bbamem.2018.01.013 associated
with this article can be found in online version.
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Manuscript 3, prepared a s an original research article, titled 
“ Electrochemical Impedance Spectroscopy Study of the interaction of 
Supported Lipid Bilayer s with Free Docosahexaenoic Acid” , and 
published in Medicinal & Analytical Chemistry International Journal, provides 
a thorough investigation into how FFA DHA incorporation affects the 
electrochemical properties of model membranes. Using electrochemical 
impedance spectroscopy, I specifically looked to determine if the 
incorporation of DHA was c ategorised by s pecific changes to electrochemical 
properties, including an increase in impedance, and a decrease in resistance. 
I also utilised the QCM-D data, specifically t hickness, to calculate the 
dielectric constant, which provided a more in- depth understanding of the 
model membranes ability  to hold charge. It was determined that the addition 
of DHA significantly alters the electrochemical properties of a POPC SLB, 
with an incr ease in the dielectric constant and reduction in resistance. It was 
also determined that the addition of anionic phospholipid PIP and PS as well 
as the presence of Ca2+ resulted in their own unique electrochemical 
response. Both the presence of PIP and PS resulted in a lower increase in 
dielectric constant, which supported the previous claims of substitution or 
exchange phenomenon. This work further highlighted that when Ca2+  are 
present, at a specific concentration, they can dramatically alter the lipid 
dynamics of a POPC/PS SLB to create electrochemical changes that are 
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Abstract 
Docosahexaenoic acid (DHA) is the most abundant polyunsaturatedomega-3 fatty acid found in mammalian neuronal cell 
membranes. Although DHA is known to modify the physicochemical properties of plasma membranes, potentially 
influencing their function, little is known about how this interaction with phospholipid bilayers happens. This study 
presents a detailed electrochemical impedance spectroscopy (EIS) analysis of the interaction between free DHA with 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine(POPC) supported lipid bilayer (SLB) and POPC mixed with anionic 
phospholipids, such as phosphatidylinositol (PI) and phosphatidylserine(PS)-SLBs. Combination of EIS data with those of 
quartz crystal microbalance with dissipation monitoring for the same SLB, made possible the predictions of changes in 
the dielectric constant (Δεm) of the different SLBs after treatment with different DHA concentrations. The POPC SLBs Δεm 
was estimated to increase with increasing DHA concentration. However, the response of POPC-PI and POPC-PS SLBs 
showed a completely different response after the addition of DHA, suggesting the presence of a substitution/exchange 
process occurring after the DHA addition. Furthermore, the Δεm of PS-containing SLBs formed in the presence of Ca2+was 
also studied, and the results compared to those obtained with PS-containing SLBs formed in the absence of Ca2+. The 
results indicated that the incorporation of DHA in the POPC-PS SLBs is function of the concentration of PS and presence of 
calcium ions in the mentioned SLB. 
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Abbreviations: DHA: Docosahexaenoic Acid; EIS:
Electrochemical Impedance Spectroscopy; POPC: 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; SLB:
Supported Lipid Bilayer; PI: Phosphatidylinositol; PS:
Phosphatidylserine; PUFA: Polyunsaturated Fatty Acid;
PC: Phosphatidylcholine; QCM-D: Quartz Crystal
Microbalance; TBS: Tris Buffered Saline; SUV: Small
Unilamellar Vesicles; CPEs: Constant Phase Elements;
CMC: Critical Micellar Concentration.
Introduction
The omega-3 fatty acid docosahexaenoic acid (DHA) is
an essential polyunsaturated fatty acid (PUFA) for the
development and function of the mammalian brain [1,2].
Studies have shown that DHA supplementation improves
early childhood brain development including increased
attention span, processing speed and cognitive ability in
humans [3]. DHA supplements also improves cognitive
function and memory in ageing subjects compared to non -
supplemented controls the mechanisms by which DHA
improves cognitive ability is unclear but is thought to be
linked to the effect of DHA on the physicochemical
properties of the neuronal plasma membrane [4,5].
Outside of the brain, changes to the membrane lipid
composition caused by PUFAs have been reported to
result in changes to membrane properties that may
provide many therapeutic advantages. Reports have
highlighted the clinical application of DHA as an
immunosuppressive agent due to its ability to rapidly
alter phospholipid composition without an associated
production of inflammatory eiconsanoids, known to occur
with omega-6 fatty acids [6]. PUFAs can inhibit T cell
activation in Jurcat T cells, speculated to be a consequence
of the PUFAs selectively altering detergent resistant
membrane domains within the lipid bilayer [7].
Furthermore, several studies demonstrated that altering
the lipid fatty acid composition of tumors cells enhanced
sensitivity to anti-cancer treatments, where incubation of
L-1210 murine leukemia cells with DHA improved the
sensitivity of cells to the cytotoxic effects of
chemotherapy drug, adrenomycin [8,9]. This was later
shown to be true in P388 cells, to the chemotherapy drug,
doxorubicin [10]. Electron spin resonance showed that
modifying the membrane fatty acid composition of L1210
cells, caused altered physical properties of the tumor
cells, including reduced lipid order and increased fluidity,
accounting for the increased sensitivity to chemotherapy
drugs [11]. The evidence of these DHA-linked responses
emphasizes the importance of understanding the
molecular mechanisms of DHA on lipid properties within
the plasma membrane, and ultimately cell function.
Previous studies show that the presence of DHA-
esterified phospholipids within model membranes causes
changes in membrane curvature, [12,13] lipid packing,
[1,2] lipid flip-flop,12transition temperatures [2,14] and
lipid distribution and domain formation [15]. However,
there are fewer studies reporting the effect of free-DHA
on model membrane properties. Phosphatidylcholine
(PC)-containing vesicles have been used to show that
free-DHA treatment produced a more disordered and
fluid PC membrane [16,17]. This was consistent with
another study of1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) SLBs on a quartz crystal
microbalance with dissipation monitoring (QCM-D) which
reported worm-like protrusions from the SLB following
high concentration DHA treatment [18]. Our previous
studies, which also used the QCM-D technique, were the
first reports to show that DHA incorporation into
supported lipid bilayers (using various phospholipid
compositions) depends on the DHA concentration, the
SLB composition (including the presence of flurecent
probes) and the presence of calcium ions [19,20].
Previous studies have utilized electrochemical
impedance spectroscopy (EIS) to study the formation of
SLBs and their interaction with biomolecules [21-23]. EIS
is a sensitive technique able to monitorin real-time the
membrane integrity and its changes as a consequence of
its interaction with different molecules by monitoring the
SLBs electrical properties changes. For example, it is the
preferred technique to investigate the interaction of pore-
forming toxin, gramicidin Din model membranes,
reporting alterted POPC membrane properties dependent
on the gramicidin D concentrations [21]. In addition, the
relative activity of formed gramicidin Dchannels in
dihexadecyl dimethyl ammonium bromide/ cholesterol
membranes based on measured conductance and ion
selectivity was also measured [22]. Another study used
EIS to show the changes in membranes capacitance and
resistance following exposure with antimicrobial peptides
[23]. EIS allowed the two peptides modes of actions
(carpet or detergent models) to be identified, and
provided additional information about the different
kinetics and the degree of peptide disruption.
In this work we utilize EIS to investigate the changes
in capacitance and resistance of POPC SLBs and POPC
mixed with phosphatidylinositol (PI) or
phosphatidylser ine (PS)-SLBs in the presence and
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absence of DHA. These EIS data are used together with
the thickness of the SLBs to enable a comprehensive
analysis of the changes in physicochemical properties of
SLBs following DHA treatment. The mentioned thickness
is predicted in this work by applying the Voigt-based
model to the QCM-D data previously published for the
same systems [19,20].
Mater ials and Methods
Reagents
Tris(hydroxymethyl)amino methane (Tris, 99.9%),
sodium chloride (NaCl, 99.5%), hydrochloric acid (HCl,
37%), sodium hydroxide (NaOH, 98%), chloroform
(99%), ethanol (70%), docosahexaenoic acid (DHA, 99%),
and calcium chloride (CaCl2, 99%) were purchased from
Sigma-Aldrich.1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), L– –phosphatidylserine (PS)
and L– –phosphatidylinositol-4-phosphate (PI), at 99%
purity were purchased from Avanti Polar Lipids, USA. All
these reagents were used as received without further
purification.
Solut ions
A 10mM Tris buffered saline (TBS), containing
100mMNaCl was prepared using Milli-Q quality water
(Millipore, USA). The pH of these buffer solutions was
monitored with a pH meter (Thermo Scientific Orion Dual
Star, Australia) and adjusted to pH 8 using either HCl or
NaOH. This pH value is required to correlate the
impedance results with the quartz crystal microbalance
data previously reported, [19,20] which is essential to
calculate the membrane thickness. An alternative TBS
solution was prepared as described before, but with the
addition of 2 mmol CaCl2. These buffer solutions were also
used as the supporting electrolyte for the electrochemical
experiments.
DHA was prepared as a 50 mg/ ml stock solution in
chloroform, and stored in a glass bulb vessel in the dark at
4°C. The required volume was then aliquoted into a glass
vial, the chloroform was evaporated under a nitrogen
stream and the vial placed under vacuum atmosphere for
24 hours to evaporate any residue of chloroform. Finally,
the dried DHA was dissolved in ethanol to prepare a
10mg/ ml DHA solution. This was stored in the dark at
4°C. All DHA solutions were prepared and stored under
nitrogen and the quality of DHA stock solutions were
periodically tested for oxidation products using Liquid
Chromatography Mass Spectroscopy (Shimadzu, Japan).
The solution was replaced when M+ ions different to
m/ z=327 was detected. Solutions of 50 M, 100 M and
200 M DHA were prepared immediately before
experiments by taking the DHA from the 10mg/ ml
ethanolic solution with the use of micropipettes (Bio-Rad,
USA) and diluting it with TBS (or TBS + CaCl2) to the right
concentration. These concentrations were selected as
they are typical concentrations used in in-vitro studies
[18,24-26]. These concentrations are also consistent with
concentrations detected in human plasma following DHA
supplementation [27]. Due to the presence of 0.2–0.6%
v/ v ethanol in the solvent system, the effect of ethanol on
the SLB was evaluated. It was observed that ethanol does
not affect the SLB structure at this low concentration
range, which is consistent with previous reports [21].
Phospholipids solutions of 0.2 mgml-1, POPC, PI and
PS, were prepared by dissolving the phospholipids in
chloroform. These solutions were dried out under a
stream of nitrogen in a fume cupboard. The vial
containing the phospholipids was then placed under
vacuum for 24 hours to ensure removal of any traces of
chloroform. Dried phospholipid was diluted to 0.2 mgml-1
in TBS, followed by sonication for 40 minutes. The
multilamellar vesicles formed during this process were
then manually extruded through an Avanti Polar Lipid
mini extruder 10-12 times containing a 50nm
polycarbonate membrane and filter to create small
unilamellar vesicles (SUV), w i th a dia meter 70nm [ 28] .
This technique is commonly used for the preparation of
SUVs suitable for the formation of SLBs on silicon dioxide
(SiO2) surface [28,29].
Electrochemical Impedance Spectroscopy
Impedance experiments were performed at room
temperature (22±1°C) with a GamryInterface1000
potentiostat (Gamry, USA). The mentioned temperature
was selected as it is well above phase transition
temperature of all phospholipids, ensuring all
phospholipids were in the liquid-crystalline phase [30-
32]. The electrochemical data were obtained using a
conventional three-electrode arrangement, consisting in a
SiO2/ gold (Au)-coated quartz crystal working electrode
(area = 1.54 cm2, Q-sense, Sweden), a platiniummes has
the counter electrode, and Ag/ AgCl, 3M NaCl (ALS, Japan)
as the reference electrode. The three electrodes were
housed in a homemade batch cell designed to use the
QCM-D crystals as the EIS working surface. The SiO2/ Au-
coated quartz crystal working electrode was selected for
this study because it is the same surface used during the
61
Medicinal & Analytical Chemistry International Journal
Angel AJ Torriero, et al. Electrochemical Impedance Spectroscopy
Study of the interaction of Supported Lipid Bilayers with Free
Docosahexaenoic Acid. Med & A naly Chem Int J 2018, 2(3): 000122.
Copyright© Angel AJ Torriero, et al.
4
QCM-D study previously reported by our group [19,20].
The impedance spectra were recorded between 0.1 and
105Hz with an AC perturbation of 40mV and a DC bias E =
0V (vs Ag/ AgCl, 3M NaCl).
Formation of Suppor ted Lipid Bi layers
Supported lipid bilayers were formed by the
adsorption and fusion of SUVs onto a SiO2/ Au-coated
quartz crystal following the procedure previously
describe by Flynn, et al. [19]. TBS was pipetted into the
batch cell and apotentiostatic EIS measurement was taken
of the bare electrode. Then, the TBS was replaced with
SUV phospholipid solution and a potentiostatic EIS
measurement was taken every 5 minutes for 30 minutes
until consistent values associated with those of a stable
SLB were measured. The formed SLB was washed with
TBS to remove any partially or weakly bound vesicles.
Data Analysis
The EIS data was analysed using Gamry Echem Analyst
software (Gamry, USA) and the data was modeled using
the electrical circuits shown in Figure 1. This circuit was
used in a previous EIS study and proved to be a suitable
model for the study of SLBs SiO2/ Au-coated quartz crystal
sensors [21]. Constant phase elements (CPEs) are used in
this circuit to account for any in homogeneity of both the
SiO2 surface and SLBs [21]. The CPE is an electric element,
in which impedance is defined:
Where Q is the parameter related to the electrode
capacitance (F s 1 cm 2), i s the c yc li c f requenc y, j is a
c omplex number = c os( / 2) j si n( / 2), a nd i s the
constant phase expon ent (0 < < 1) rela ted to th e
deviation of the straight capacitive line from 90° by an
a ng le = 90° (1 ). Thi s c onsta nt pha se expone nt c a n b e
used as an indicator of the membrane heterogeneity.
W hen i s equa l to 0. 5, i t c orrespon ds to a pure ly diffusive
proc ess, a nd w hen = 1, th e C P E c orrespo nds to a n i de a l
capacitor [21].
Following the formation of the SLB on top of the SiO2
surface, an additional impedance element was added
between the resistance of the electrolyte solution (Rs) and
the impedance of the SiO2-electrolyte interface in the
circuit represented in Figure 1, to account for the
impedance of the formed SLB. This impedance element
consists of a resistance element representing the
membrane resistance (Rm) in parallel to the constant
phase element of the membrane (CPEm).
Figure 1: Equivalent circuit employed to fit EIS results.
The circuit represents the SiO2-coated gold electrode
before the formation of a SLB. It consists of three
impedance elements connected in series, representing
the resistance of the electrolyte solution (Rs),
impedance of the SiO2-electrolyte interface (Ri in
parallel with CPEi) and impedance of the SiO2 coating
on the electrode surface (RSiO2 in parallel with CPESiO2).
Results and Discussion
Figure 2 shows Bode plots recorded for SiO2/ Au-
coated quartz crystal working electrodes before and after
modification with POPC SLB or POPC mixed with anionic
phospholipids SLBs. Prior to the formation of the SLBs,
the impedance spectra of the bare SiO2/ Au electrode was
measured (n=10) to determine the baseline values of both
the SiO2 coating and its interface resistance and
capacitance. Following SLB formation, the CPEi parameter
was fixed to determine the Rm and CPEm. Following DHA
treatment parameters, CPEi, Ri, CPESiO2 and RSiO2 were all
fixed to see the changes in Rm and CPEm as a consequence
of DHA incorporation. The experimental CPEm, m, and Rm
values were introduced in the EChem Analyst® software
to calculate the true membrane capacitance, Cm, and the
obtained values are reported in the different tables below
(n = 4).
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Figure 2: Impedance spectra in 10mM TBS over a frequency rang e of 0.1 – 105 Hz for the SiO2/ Au working electrode
before (red) and after formation of POPC (blue), POPC -PI (9:1) (orange), and POPC-PS (9:1) (green) SLBs. The
symbols represent the impedance (open circles) and the phase angle (open triangle). The solid l ines are the results of
a fitting procedure using the equivalent circuit shown in Figure 1.
The SiO2/ Au-QCM sensor surfaces are commonly used
for SLBs formation and evaluation with a QCM
instrument, as reported previously for our group [19,20].
Therefore, the use of the same surface as the working
electrode in this work provides certainty about the
formation and stability of the SLBs. In addition, it permits
the comparison of the EIS results with those previously
obtain with the use of QCM-D. It is worth notice that
although the membrane thickness (h) values were
previously presented, they were recalculated in this work
to account for a final rinsing step with TBS, which is
mandatory after the addition of DHA. To this end, the
Voigt-based model was used to determine the thickness of
the SLBs and the values are reported in Table 1. For this
calculation, the fluid density and viscosity were fixed at
1.0×103 kg/ m3 and 1.0×10 3 kg/ ms, respectively, as all
exper iments were conducted in aqueous solutions. The
density of the lipid bilayer was fixed at 1.1×103 kg/ m3,
which is concurrent with previous studies [20,33].
SLB
DHA Conc.
5 0 µM 1 0 0µ M 2 0 0µ M
POPCb hi(nm) 10±1 10±2 9.8±1
hf(nm) 10±1 96±33 82±22
POPC:PI (9:1) hi(nm) 10±6.3 9.9±2.9 10±3.1
hf(nm) 7.1±2.1 7.2±3.8 7.2±3.7
POPC:PS (8:2) hi(nm) 6.8±0.76 5.7±0.73 5.1±2.3
hf(nm) 9.4±2.9 21±6.8 21.9±14
POPC:PS (9:1) hi(nm) 4.7±0.90 7.8±1.5 6.2±1.6
hf(nm) 10.0±6.5 18.9±5.9 53.4±22.6
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POPC:PS (8:2) (CaCl2)c hi(nm) 13±4.7 13±4.3 12.9±2.4
hf(nm) 23.6±5.13 51.4±14.5 59.1±11.0
POPC:PS (9:1) (CaCl2)c hi(nm) 9.1±3.6 9.9±2.4 8.0±2.2
hf(nm) 14.2±2.0 16.6±1.47 9.41±1.2
Table 1: Thickness of the SLBs in the presence and absence of DHAa.
aData obtained from viscoelastic modeling (Voigt-based modeling) using QTools® (Q-sense) software (mean ± SEM) in the
absence (hi) and presence (hf) of DHA(n = 4). b Data obtained from reference 20. cValues obtained in the presence of
2mmol CaCl2.
Table 2 shows the Cm and resistance Rm of POPC,
POPC-PI 9:1, POPC-PS 8:2 and POPC-PS 9:1 SLBs, readily
formed by vesicle adsorption, fusion and rupture on the
SiO2/ Au working electode. Despite the small differences
observed in Figure 2, all SLBs formed showed a similar
and highly reproducible Cm va lue of 0. 7µFc m-2, which is
consistent with values previously reported in literature
for similar systems [21,22,34-36].
SLB Rm (MW cm2) Cm (µFcm-2)
POPC 5.82±2.95 0.69±0.01
POPC-PI 9:1 9.43±0.48 0.62±0.03
POPC-PS 8:2 1.67±0.85 0.69±0.04
POPC-PS 9:1 4.85±1.85 0.74±0.02
POPC-PS 8:2 (CaCl2)a 9.60±3.09 0.81±0.06
POPC-PS 9:1 (CaCl2)a 14.3±5.62 0.81±0.04
Table 2: Experimental resistance and capacitance values
obtained for the different SLBs studied in this work
(n=10).
a resistance and capacitance values obtained in the
presence of 2mmol CaCl2.
F ollow i ng SLB f orma ti on, 50, 100 a nd 200 µM D H A
was added into the electrochemical cell and left to
interact with the SLBs for 2 hours. Then, the
electrochemical cell was washed with TBS to remove any
partially or weakly bound DHA molecules. Finally, the
changes in the Cm and Rm of SLBs were monitored. It is
important to note that the critical micellar concentration
(CMC) of DHA is between 60-90µM [ 37] . Theref ore, a t
50µM D H A c onc entra ti on, DH A exi sts a s si ng le li pi d
spec i es. At 100 µM, the si ng le li pi d species will still
predomi na ntly exi st, w hi lst a t 200µM, mic ella r D H A will
be in excess [37].
The POPC SLB had an increase in Cm following DHA
treatments, with no significant difference between the
three DHA concentrations (Table 3). This may be seen as a
similar intake at all three DHA concentrations. However,
the Voigt-based modeling to determine thickness (Table
1) showed no changes in the SLB thickness after the
a ddi ti on of 50µM DH A. H ow ever, a c ha ng e wa s observed
with larger DHA concentration. By using the equation 2 it
is possible to calculate the change in the SLB dielectric
properti es ( m):
W here i s the di elec tri c c onsta nt of the bi la yer
(function of the frequency and membrane composition
a nd struc ture), 0 is the dielectric permittivity of a
vac uum (9. 8542 × 10 14 F cm-1), and h is the thickness of
the dielectric sheet. From this equation it is apparent that
the capacitance of the membrane will be affected by
changes in both h a nd [ 38] .
SLB DHA Conc.
5 0 µM 1 0 0 µM 2 0 0 µM
POPC
Rm(kW cm2) -99.0±27.0 -743±162 -120±77.0
Cm(nF cm-2) 21.4±7.83 14.5±6.15 12.6±4.39
POPC-PI (9:1)
Rm(kW cm2) -970±190 -1250±368 -1000±193
Cm(nF cm-2) 8.94±4.59 8.86±2.49 13.7±4.09
POPC-PS (8:2)
Rm(kW cm2) -197±83.9 -225±24.0 -60.2±33.4
Cm(nF cm-2) 13.8±9.86 48.8±12.4 -7.43±1.01
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POPC-PS (9:1)
Rm(kW cm2) -1400±667 -195±109 -612±213
Cm(nF cm-2) 59.5±6.08 1.66±1.44 18.9±9.00
POPC-PS (8:2) (CaCl2)a
Rm(kW cm-2) -100±33.8 478±322 1000±466
Cm(nF cm-2) 13.0±0.33 20.7±4.45 20.3±0.95
POPC-PS (9:1) (CaCl2)a
Rm(kW cm-2) -546±248 -1000±586 -314±47.0
Cm(nF cm-2) 24.4±9.65 5.37±2.03 3.44±1.11
Table 3: Resistance and true capacitance changes of the SLBs in the presence of DHA.
a resistance and capacitance values obtained in the presence of 2mmol CaCl2.
The increase in Cm after the three DHA treatments
could signify a decrease in thickness (moving the
dielectric plates closer together). However, from Table 1
we can observe that the DHA treatments caused no
modifications to the membrane thickness at 50 µM DHA,
but a more thick SLB at higher DHA concentrations.
Therefore, using the equation 2 we hypothesize that this
increase in Cm i s a c onsequenc e of a n i nc rea se i n the m of
the POPC SLB, consequence of an increase in charged DHA
molecules inside the POPC SLB.
At 50 µM, the i nc rea se i n m may be a consequence of
single lipid DHA being incorporated. This, in conjuction
with the absenc e of c ha ng e i n the S L B h a t 50µM, a s
estimated by the Voigt-based modelling, suggests the least
incorporation of DHA (of the three DHA concentrations),
and was supported by our previous work that reported
the lowest increase in mass and reduction in visco
ela sti ci ty f ollow i ng 50µM DH A. At 100 a nd 200µM DHA,
the f urther i nc rea ses i n m may be a consequence of the
further incorporation of DHA via single lipid species,
micelles or both within the POPC SLB. Thid, et al.
predicted that single lipid DHA was incorporated into
POPC SLB at all three DHA concentrations (also 50, 100
a nd 200 µM), how ever, above C MC the proc ess was
predicted to be facilitated by micelles.
The changes in Rm may provide further insights into
the electrochemical changes occurring inside the POPC
SLB, following DHA treatment. The POPC SLBs resistance
decreased following treatment with all three DHA
concentrations. The changes in resistance differed with
DHA concentrations, with the largest change seen at 100
µM D H A a nd sma ller a nd si milar changes seen at 50 and
200 µM D H A (Table 3). A reduc ti on i n resi sta nc e may
indicate a disruption of the lipid order of the SLB,
allowing more ions to pass through. It is known that DHA
is able to change the viscoelastic properties (including
increased fluidity) of the POPC SLB, a likely consequence
of DHA ability to exist in multiple configurations as a
consequence of its six double bonds [2,39]. This is
supported by studies that reported how the presence of
DHA in the sn-2 position of PC molecules increased the
molecular area by 11 and 13 per cent when compared to
16:0-18:1 PC and 18:0-18:1 PC, respectively [40,41].
Therefore, we can hypothesise that DHA may be able to
produces pacers between the POPC molecules or even
nano-pores via DHA-rich domains, [15,42,43] allowing for
the easier movements of ions across the bilayer, that may
result in the observed reduction in resistance. However,
from this study alone, the exact mechanism cannot be
predi c ted. The un expec ted low er Rm a t 200µM ma y be a
consequence of POPC (rich in DHA) SLB lipid protrusions.
This idea is further supported by the largest increase in h
and decreases in visco elasticity of the mentioned SLB
previously reported.
The properties of POPC-PI9:1 SLB following DHA
treatment was also evaluated (Table 3). This molar per
cent of PI was chosen on the basis that neuronal plasma
membranes contain approximately 10% PI. The POPC -PI
9:1 SLB shows no significant changes in Cm and Rm
following DHA treatment. This result, together with the no
significant variation in the SLB h (Table 1), may indicate
tha t the membra ne m remains constant and independent
on the DHA concentration present in the solution. This
observation can only indicate a saturation effect, which
indicates that our previous assumption of DHA-
phospholipid substitution/ rearrangement process may be
inaccurate.
Two POPC-PS SLBs were formed (8:2 and 9:1 mol per
c ent ra ti os) a nd Cm a nd Rm responses to DHA treatment
measured (Table 3). These two ratios were selected as it
is known that PS accounts for between 12 and 22% of the
phospholipid content of nervous tissue [44]. The POPC-PS
8:2 S L B Cm differed between the three DHA treatments,
w i th the la rg est Cm seen a t 100µM, f ollow ed by 50µM,
a nd a neg a ti ve Cm seen f ollow i ng the a ddi ti on of 200µM
D H A. The h values for the POPC-PS 8:2 SLB were similar
and independent to the DHA concentration above 100µM
D H A, w i th a low er h at 50µM DHA concentration.
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Theref ore, usi ng equa ti on 2, w e ca n esti ma te tha t the m
a t 100µM wi ll be the la rg est. W e c a n a lso predi c t the
neg a ti ve Cm a t 200µM i s not only a consequence of the
i nc rea se i n h, but a lso a net dec rea se i n m. Based on the
h w e ca n a ssume the sma llest m occurred at 50µM,
which is supported by our previous QCM-D study that
showed the lowest DHA incorporation at 50µM, of the
three concentrations.
Our previous QCM-D study reported reduced DHA
incorporation at all DHA concentrations, for both POPC-
PS SLBs, compared to the POPC SLB. A consequence of the
PS molecules, which are reported to distribute evenly
throughout the POPC bilayer, is to provide a negatively
charged to the SLB surface, which would exhibit repulsive
forces with the anionic DHA [19,45]. It was reported tha t
the POPC-PS 8:2 SLB reached an increase in mass of only
7% (to that of the POPC SLB, respectively) following
50µM D H A. Thi s supports the th eory tha t a neg a ti vely
charged SLB results in repulsion with anionic DHA species
a nd justi f i es the low est m a t 50µM D HA observed. The
la rg est m oc c urs f ollowi ng the a ddi ti on of 100µM DHA.
Thi s m mirrored our previous study that also reported
the largest mass increase following the addition of the
same DHA concentration. Meanwhile, the POPC -PS 8:2
S LB s ti g ht li pi d pa c ki ng (due to P S ’s c ondensi ng ef f ec t)
supports the hypothesis of an exchange process at high
DHA concentrations. Our previous work showed that the
POPC-PS 8:2 SLB following 200µM resulted i n a mor e
pronounced rearrangement event and a lower overall
ma ss i nc rea se, c ompa red to 100µM. Theref ore, the m
va lue (a s esti ma ted by Cm a nd h) gives further insights
into the different exchange or rearrangement mechanism
that occurred to the POPC-PS 8:2 SL B a t 200µM, w hen
micelles were present in excess. Potentially additional
transfer between the POPC-PS 8:2 SLB and DHA micelles
may have resulted in the significant loss of phospholipid
spec i es, a cc ounti ng f or a n overa ll low er m yet similar
h, c ompa red to 100µM.
The POPC-PS 8:2 SLB resulted in a reduction in
resi sta nc e f ollow i ng 50, 100 a nd 200 µM D H A w i th th e
la rg est c ha ng es seen a t 50 a nd 100µM D H A a nd a
si g nif ic a ntly sma ller c ha ng e seen f ollow i ng 200µM (Ta ble
3). Therefore, the largest resistance changes occurred
w hen the si ng le li pi d D H A spec i es exi sted a lone (50µM )
or i n e xc ess (100µM), w hi lst w hen mi c ella r D H A exi sted
i n exc ess (200µM) the resi sta nc e c ha ng es w ere less
pronounced and in the same order of magnitude as that
observed with POPC.
The POPC-PS 9:1 SLB resulted in significantly different
Cm values at all three DHA concentrations, with the
la rg est c ha ng e a t 50µM f ollow ed by 200µM a nd the low es t
Cm va lue a t 100 µM (Table 3). The P OP C-PS 9:1 SLBs h
increased with increasing DHA concentration (Table 1).
Thi s da ta a llow s us to esti ma te the m values following
DHA treatment and therefore the changes occurring in the
SLB. Based on these data it could be speculated that more
DHA was incorporated at 50 DHA than initially predicted,
however the QCM-D changes in frequency did not
demonstrate this alone. Our previous QCM-D study
showed that the POPC-PS 9:1 SLB had a slight decrease in
ma ss va lue f ollowi ng the a ddi ti on of 50µM, w hi c h was
assumed to represent a small or zero incorporation of
single lipid DHA. However, in light of the impedance data,
it is more likely that the POPC-PS 9:1 SLB incorporates
D H A molec ules f ollow i ng 50µM DH A trea tment. The
c a lc ula ted i nc rea se i n m after the addition of 50µM DHA,
is thought to be the not only a consequence of the
incorporation of this free fatty acid into the SLB, but also
from the increase in SLB thickness after the mentioned
addition. Therefore, the small decrease in mass value may
be the result of a small substitution event and the
subsequent removal of phospholipid species in exchange
for DHA molecules.
We can predict that the smaller changes in Cm with the
addition of 100µM DHA are not only a consequence of the
i nc rea se i n h but a lso a reduc ed i nc rea se i n m, compared
to 50µM DHA. Meanwhile, based on the second largest
Cm a nd la rg est reported h at 200µM DHA, we can
predi c t the la rg est m at this concentration. At 100µM
DHA we had previously reported an equal change in
frequency and dissipation to 200µM DHA, however, the
change in Cm a nd then c a lc ula ted c ha ng e i n m is not
mirroring this. It was previously predicted the largest
rearrangement process occurred at 200µM DHA,
indicating a larger incorporation of DHA at 200µM, which
is supported by this impedance data.
The lower PS content of the POPC-PS 9:1 SLB would
reduce the negative SLB surface charge and the
condensing effect. This could mean two things, i) less
repulsion between the negatively charged SLB and
anionic DHA and ii) the reduced condensing effect could
allow for more incorporation of DHA. Interestingly, when
comparing the two POPC-PS SLBs following 100µM, we
c a n predi c t a dif f erent m, as they both ha ve a si mi la r h
(with the exception of POPC-PS 9:1 a t 200µM) yet thei r
Cm values were significantly different. It is predicted that
the POPC-PS 9:1 SLB would have increased DHA
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incorporation due to the reduced PS content and the
reasons mentioned above. This theory was not reflected
by la rg er Cm a nd m va lues a t 100µM f or the P OP C-PS
9:1 SLB. As stated earlier, a more pronounced
rearrangement process was reported in the POPC-PS 9:1
S LB , f ollow i ng 100 µM DHA treatment. This could indicate
that the POPC-PS 9:1 SLB had a larger loss of
phospholipid species, accounting for the POPC-PS 9:1 SLB
sma ller c a lc ula ted m a t 100µM (w hen c ompa red to th e
8:2 mola r ra ti o). I n c ontra st, the esti ma ted m a t 200µM
was higher in the 9:1 SLB, compared to the 8:2 SLB. The
reduced condensing effect may allow the POPC-PS 9:1 SLB
to incorporate a larger amount of DHA when micelles are
in excess.
Additional POPC-PS SLBs were formed in the presence
of Ca2+. Calcium ions play an important role in the
membrane stability and function in an in vivo membrane
system. Studies have revealed that Ca2+ bridge the
negatively charged carboxyl groups of neighboring PS
molecules or phosphate moieties of PS or PC molecules,
displacing water to form anhydrous PS- Ca2+ domains in
the bilayer [46-49]. The Ca2+ also assists the formation of
a stable POPC-PS SLB on the crystal surface, by providing
a bridge between the PS head group and the negatively
charged SiO2 surface [50]. The POPC-PS SLBs formed in
the presence of Ca2+produced similar final Cm values to
those formed in the absence of Ca2+ (Table 2).
The Cm a nd Rm responses of the two POPC-PS (Ca2+)
SLBs, following DHA treatment were also monitored
(Table 3). The POPC-PS 8:2 (Ca2+) SL B s Cm increased
following all three DHA treatments. Results from Table 1
shows that the POPC-PS 8:2 (Ca2+) SLB resulted in large
increases in h following DHA treatment above 100 µM
D H A (c loser to th ose h of the POPC SLB), which also
increase with DHA concentration. This implies that the
m should also increases with increasing DHA
c onc entra ti on. D ue to the si mi la ri ty i n the Cm values to
those observed for POPC SLB (Table 3), this result may
indicate that a larger amount of DHA was incorporated
into the POPC-PS 8:2 SLB (Ca2+), compared to the POPC-
PS 8:2 SLB formed in the absence of Ca2+; and that the
presence of Ca2+ caused a greater amount of DHA to be
incorporated, more similar to the POPC SLB. This is
consistent with previous QCM-D study, which reported
that the POPC-PS 8:2 (Ca2+) SLB had a significantly larger
mass uptake and decrease in viscoelastic properties at all
DHA concentrations, compared to the POPC-PS 8:2 SLB
formed in the absence of Ca2+. As stated earlier, the
presence of Ca2+ assists interactions between neighboring
PS and PC molecules, and it leads to the formation of rigid
PS-Ca2+ domains with reduced lateral diffusion of
molecules and ions, and fluidic POPC phases. Therefore,
the formation of these fluidic POPC phases within the
POPC-PS 8:2 (Ca2+) SLB may allow the increased
incorporation of DHA, compared to the POPC-PS 8:2 SLB
(formed in the absence of Ca2+) when the PS is distributed
throughout the SLB causing a net negative charge. This
provides further support to why the POPC-PS 8:2 (Ca2+)
SLB presents Cm values that resemble those of the POPC
SLB. However, our previous QCM-D study showed that a
different mechanism of incorporation was occurring in
the POPC-PS 8:2 (Ca2+) SLB (above CMC), involving a
rearrangement/ substitution event, which was not
reported to occur to the POPC SLB following DHA
treatment.
The POPC-PS 8:2 (Ca2+) S LB Rm responses supported
the theory of a different mechanism of DHA incorporation
occurring, above CMC, with no significant difference to the
Rm f ollow i ng 50 µM DHA treatment, compared to the
POPC SLB or POPC-PS 8:2 SLB formed in the absence of
Ca2+ (Ta ble 3). H ow ever, f ollow i ng 100 a nd 200µM D H A
the opposite pattern was observed to the other SLBs
formed, with a resistance increase. This was the only SLB
to respond in a resistance increase following DHA
incorporation, which may indicate that the DHA is
changing the lipid dynamics to produce a more resistive
S LB . These Rm responses in conjunction with the
esti ma ted m a nd h, may indicate that the large DHA
incorporation is resulting in a tighter and more ordered
POPC-PS (Ca2+) 8:2 SLB. The increase in resistance may
indicate that Ca2+ inhibits single lipid DHA to form wedges
or spaces between phospholipids within the SLB.
Alternatively, the incorporation of DHA may be
dissociating the PS-Ca2+ domains, due to multiple DHA
monomers or micelles ability to interact with Ca2+ via
calcium coordination. If true, the PS molecules would
move out of the domains and distribute across the SLB,
resulti ng i n a ‘c ondensi ng ’ ef f ec t, as reported to occur in
the POPC-PS SLBs formed in the absence of Ca2+. This
would account for the increase in Rm whilst also the
i nc rea se i n m f ollow i ng 100 a nd 200 µM D H A tr ea tment.
It is worth noting the dissociation of these anhydrous PS-
Ca2+ domains could allow an increase in water and solute
into the POPC-PS (Ca2+) 8:2 SLB, and therefore the
i nc rea se i n m ma y not be rela ted to D H A i nc orpora ti on
alone.
The POPC-PS 9:1 (Ca2+) SLB also showed an increase
i n C m f ollow i ng a ll DH A trea tments. The Cm was the
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hi g hest f ollow i ng 50 µM D H A, wi th si g nif ic a ntly low er
Cm reported a t 100 µM a nd 200 µM D H A (Ta ble3). The
h following DHA treatment had no significant difference
betw een 50 a nd 100 µM a nd 50 a nd 2 00µM, how ever,
there was a significant difference between 100 and
200µMD H A. Theref ore, w e c a n esti ma te the m of the
POPC-PS 9:1 (Ca2+) S LB , to be the la rg est a t 50µM D HA,
respec ti ve to the la rg est Cm response. Based on the
changes in h and Cm i t i s a lso predi c ted tha t the m
decreases with increasing DHA concentration. The higher
m predi c ted to occ ur a t 50 µM D H A provi des f urther
insights to understand previous QCM-D results. Our
previous QCM-D study reported a small loss of mass
following 50µM DHA treatment, which did not indicate an
incorporation of DHA; instead, it suggested a small loss of
phospholipid species. Similar to the POPC-PS 9:1 SLB
formed in the absence of Ca2+, the impedance data
provides evidence that single DHA molecules were
effectively incorporated and are responsible for the
increase of the m va lue of the P OP C-PS 9:1 (Ca2+) SLB.
Therefore, the loss of mass may be a consequence of a
small rearrangement process.
Our previous QCM-D data also showed a significant
difference in the POPC-PS 9:1 (Ca2+) SLB mass uptake at
all DHA concentrations. It was predicted that this could be
due to an overall larger incorporation of DHA at the
expense of phospholipid species, to form a DHA-rich SLB.
Theref ore, a t 200 µM, the low er m may indicate the
significant loss of phospholipid species of the POPC-PS 9:1
(Ca2+) SLB as a consequence of a substitution event
between DHA micelles in solution and DHA-rich SLB. A
similar behavior was previously hypothesised to occur to
the POPC-PI 9:1 SLB. It is important to note, that the PS-
Ca2+ complexes, as reported to occur in the POPC-PS 8:2
(Ca2+)SLB, do not form in the POPC-PS 9:1(Ca2+)SLB.
Literature states that these PS-Ca2+ complexes do not
form to a significant extent unless the PS fraction is above
17%. Therefore, this SLB would behave more similar to
those SLB formed in the absence of Ca2+, with the PS
distributed evenly throughout the bilayer. In addition, the
Ca2+ may interact with single lipid and micellar DHA in
solution further reducing incorporation into the POPC-PS
9:1 (Ca2+) SLB.
The addition of Ca2+ did not cause any significant
difference to the POPC-P S 9:1 S LB s Rm following DHA
treatment compared to the POPC-PS 9:1 SLB formed in
the absence of Ca2+. This indicates that a similar amount
of lipid disruption, responsible for the decreases in
resistance, occurred at all three DHA concentrations, and
fur ther supports the theory that the two POPC-PS 9:1
SLBs (formed in the presence and absence of Ca2+) behave
similarly.
Conclusion
This study describes a detailed analysis of EIS
measurements performed on POPC or POPC-PI and POPC-
PS mixed SLBs. By calculating the SLB h, a more detailed
analysis of the electrochemical responses following DHA
treatment was possible. Importantly, the interpretation of
the EIS data allowed us to gain a more detailed
understanding about the changes in dielectric properties
of the SLBs following DHA treatment. It also highlights
how the interpretation of the EIS data alone may lead to
limited insights and conclusions, specifically in referenc e
to changes in capacitance. For instance, using the Cm and
h of the POPC SLBs it was possible to estimate that the
m increased with increasing DHA concentration, similar
to the increasing mass uptake observed in our previous
QCM-D studi es. The P OPC SL Bs Rm did not mirror the
Cm a nd m, w i th a sma ller Rm se en a t 200 µM D H A
(c ompa red to 100 µM), w hic h ma y provi de evi denc e to
support th e th eory tha t 200 µM D H A trea tment resul ts i n
the formation of worm-like protrusions, as previously
reported.
The presence of PI or PS in the POPC SLB resulted in
significantly different EIS responses. From the analysis of
the POPC-P I 9:1 S LB s Cm a nd h a sma ller esti ma ted m
following DHA treatment (above CMC) was predicted, and
supports the hypothesis of a rearrangement process
previously reported to occur. This rearrangement or
exchange process is thought to be associated with the
removal of phospholipid species that contain many dipole
moments and interacting water molecules, in exchange
for DHA molecules. The POPC-PI 9:1 SLB also presented
the largest decreases in resistance following DHA
treatment (of all SLBs formed) indicating that the
presence of phosphatidylinositol-4-phosphatemay assist
lipid disruption responsible for reduced resistance,
potentially a consequence of hydrophobic interactions
between the polyunsaturated DHA molecules and sn-2
acyl chain of PI molecules. A rearrangement process was
also predicted to occur in the POPC-PS SLBs following
DHA treatment, above CMC. Interestingly, it was
estimated the POPC-P S 8:2 S L B la rg est m occurred
f ollow i ng 100µM D H A, w i th a low er m a t 200µM D HA.
This result highlights the need to consider to what extent
DHA incorporation increases SLB capacitance, in relation
to the decreases associated from the loss of phospholipid
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species. The POPC-PS 9:1 SLBs Δεm was estimated to 
increase with DHA concentration, interestingly, the ΔCm at 
50μM DHA provided potential evidence of a slight 
rearrangement process occurring below CMC, which was 
not possible to determine from our previous QCM-D data 
alone. 
 
The POPC-PS 8:2 SLB formed in the presence of Ca2+ 
resulted in comparable ΔCm and Δh to the POPC SLB, 
allowing us to estimate a similar Δεm for both SLBs. This 
may imply a similar amount of DHA was incorporated into 
the POPC-PS 8:2 (Ca2+) SLB as in the POPC SLB. Our 
previous QCM-D study showed similar mass uptakes for 
the two SLBs; however, the POPC-PS 8:2 (Ca2+) SLB was 
shown to involve a rearrangement process, which was not 
reported to occur in the POPC SLB. The POPC-PS 8:2 
(Ca2+) SLB was the only SLB to show an increase in Rm 
following 100 and 200μM DHA, indicating a dramatic lipid 
restructure within the SLB. We hypothesize that it may be 
a consequence of breaking the PS-Ca2+ complexes, and 
increasing the condensing affect that accompanies PS 
when it is distributed more evenly throughout the SLB. 
The POPC-PS 9:1 (Ca2+) SLB resulted in more similar 
electrochemical behavior to that of the POPC-PI 9:1 SLB 
as is suspected to be a result of the PS-Ca2+ complexes not 
forming when a lower mol per cent of PS exists. 
 
The study of model membranes will lead to a better 
understanding of the complex properties of plasma 
membranes. Understanding the unique properties of DHA 
within the plasma membrane and its functional 
consequence is of particular interest as DHA has been 
highlighted to have therapeutic potential to treat DHA-
related brain deficiencies, such as depression, bipolar, 
[51] and attention deficient hyperactivity disorder 
[52,53]. Investigating the behaviour of DHA within the 
plasma membrane may also have critical importance in 
understanding the neuronal cell death by apoptosis 
associated with neurodegeneration, [54,55] and may also 
provide insights into improving treatment for tumors by 
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CHA PTE R 5
FINAL DIS CUS SION
Important cellular processes, including ion channel, s ignal t ransduction an d
receptor protein f unction are influenced by t he physicochemical p roperties of
lipid bilayers [1, 2]. Given the complex distribution of phospholipids with in
neuronal c ell membranes, each with its own unique head group, size, charge
and degree of acyl c hain unsaturation, it is believed that t he phospho lip id
composition plays a critical r ole in r egulating events at the cell membrane [3].
Because of DHAs abundance in neuronal c ell membranes and t he critical r ole
it plays for normal brain development and function [1], it is i mportant t o
understand how different phospholip ids influence DHA incorporation and alter
the physicochemical pr operties of a cell membrane.
As lower levels of DHA have been associat ed with brain-related d isease and
disorders, in particular neurodegeneration [4], it is appealing to develop brain-
targeted vesicles or carriers that m ay allev ia t e symptoms associa ted with DHA
deficiency. Because of t he difficulty in transporting esterified-DHA across the
BBB [5], understanding how FF A-DHA inte r acts with model m embranes may
assist in the development of DHA t reatments targeted for the brain. The
investigation into how SLBs composition can influence t he incorporation of
DHA, provides insight s into how cellular membranes incorporate DHA and
other omega-3 fatty acids on a temporal and energy-independent basis. Our
findings suggest that different cells m ay vary in t heir capacity to accumulate
DHA, based on their membrane phospholipid compo sition, presence of Ca2+
and the addition of fluorescent probes.
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The i nfluence of anionic phospholipids, PI and PS and Ca2+ o n the DHA
incorporation and changes to physico chemical properties of a POPC
SLB.
The QCM-D was utilised to provide a sensitive and label f ree technique to
measure the formation of m odel m embranes and detect physicochemical
changes c aused by t he incorpor ation of DHA. QCM-D allo wed us t o m easure
changes in frequency (correlated directly t o mass) and dissip ation, indicating
changes i n the viscoelastic properties of t he SLB ( e.g. f luidity, lipid packing).
The ability t o measure across a r ange of harmonics (relating to different
frequencies) allowed the distinction of m ass loss or gain acros s the different
levels of the membrane. I n addition, Voigt-based modeling prov ided additional
information about t he physical char acteristics of t he membranes , specifica lly
thickness.
Although DHA is known to be taken into cellular membranes via carrier
mediated processes [6], this study s howed that FFA-DHA c an be taken up by
direct interaction with a phospholipid bilayer. Further, these findings show t hat
circulating DHA m ay have a profound effect on membrane function t hrough
changing membrane properties. It was f ound that FFA-DHA incorporation and
changes t o viscoelastic properties of the SLBs investigated in this study, were
concentration dependent and influenced by the phospholipid species, t heir
influenc e on lipid pac king, t he presence of Ca2+, and possibly d ue to head
group charges. The POPC SLB incorpor ated the greatest amount of DHA,
whilst t he presence of phospholipids, PI and PS in a POPC SLB reduced DHA
incorporation and res ulted in a s ubstitution phenomenon. This h ighlights ho w
the phospholipid composition of a m embrane determines t he amoun t of DHA
that c an be incorporated and the lipid behaviour during the incorporation
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process. For example, neuronal membranes with more PC may have a greater
capacity to t ake up DHA r elative to t hose with les s; and for membranes
containing anionic phospholipids , f urther lipid disruption to the intermolecula r
hydrogen bonding between neighbouring molecules may occur followin g FFA-
DHA t reatment. The substitution event m ay indic ate the PI and PS-mixed SLBs
had reached a saturation effect, and supports t he assumption t hat DHA
stimulates l ipid f lip-flop and lipid e xchange. L ipid f lip-flop has been proposed
to account for physiological fatty acid transport in cells [7].
In addition, t his exchange process may produce holes or pores w ithin a cell
membrane to f urther increase fluidity and p ermeability of t he membrane, as
was suspected for the POPC/PI SLB. This has physiological r elevance as
lipids have been shown to participate in t he formation of pores within cell s
resulting in t he generation of binding site f or proteins and peptides, thus
influenc ing membrane protein f unction [8]. The concentration-dependent
incorporation of DHA across the SLBs w as not only determined to be a
consequence of altered lipid packing and head group charges, but also t he
SLBs abilit y to interact with DHA in the form of a FFA, micelle or both. This is
an important c onsideration when considering what form of DHA will b e
energetically f avourable t o incorporate cell membranes with different
phospholipid compositions.
Calc ium ions ( Ca2+) are known to play an important r ole in t he c ell membranes
structure and function, especially in r elation to PS [9-12]. Ca2+ are known to
bind anionic phosphate groups, essential in m aintaining the integrity and
stability of t he cell membrane. In gram-negative bacteria, Ca2+ stabilises the
bacterial m embrane, m aking it less susceptible t o effects such as antibiotic s
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as a result of being les s permeable [13]. The negative charge of PS at neutral
pH m akes PS a favourable phospholipid f or binding. Ca2+ has the ability to
induce aggregation and fusion of PS or PS- mixed lipos omes, resulting in t he
formation of t ight dehydrated membranes [ 14]. This study showed that Ca2+
influenc ed SLB formation and lipid packing including domain f ormation, and
therefore influenced how t he SLBs interacted with FFA DHA. When PS-Ca2+
rich domains exist, FFA-DHA w as able to r eadily incor porate med iating larger
viscoelastic changes. In comparison, when PS was evenly distrib uted
throughout t he SLB, t he repulsion between t he net negative SLB and FFA-
DHA reduced incorpor ation and a smaller substitution event took place.
The prese nce of f luorescent probes, NBD-PC an d Liss-RhodPE in a
POPC SL B resulted in a functional chang e, determined b y differences in
DHA incor poration and viscoelast ic properties, f ollow i ng DHA treatment.
Fluorescent m icroscopy exists as a popular ( standard) m ethod to visualise lipid
bilay ers and investigate the incorporation and distribution of molecules of
interest, particularly proteins, into m odel m embranes [ 15]. Previous s tudies
assessing the use of f luorescent probes in cells or m odel m embranes
established that t he presence of probes can alter the physicochemical
properties of lipids or lipid b ilay er models [16-19], but that it was neglig ib le
when using small probe concentra tions [ 20-23]. Although these studies did
consider t he effect of the probe on the overall physic o chemical p roperties of
the membrane system, they neglec ted to consider t he probes l ocal
environment from which it was reporting from. From our k nowledge no
previous s tudies h ave considered t he functional cons equence of probes using
a label-free technique such as QCM-D. Based on our knowledge of how f atty
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acid s tructure ( including head group size and charge, and degree of
unsaturation in t he acyl c hain) can influence a SLBs s tructure and function, we
questioned if t he addition of f luorescent probes would affect ( disturb/influence)
DHAs interaction with the phospholipid, not r epresenting a true m odel. The
QCM-D proved itself a valuable label-free technique that allowed a comparis on
of SLBs formed with and without the addition of probes.
Similar to others previously r eported, our study showed t hat the addition of
fluorescent probes, NBD-PC and Li ss-Rhod PE r esulted in negligible
differences t o the basic phys i cal properties of a POPC SLB, inclu din g
formation behaviour, thickness and structure. However , the QCM-D was ab le
to s how t here was a functional consequenc e to t he POPC SLB w hen probed,
following treatment with FFA-DHA. From t his study, we concluded t hat probes,
even at s mall percentages have a drastic effect on SLB function, inc luding their
interaction with molecules and changes t o viscoelastic properties e.g.
thickness and fluidity . Thus caution should be considered when analysing
results usin g such v isu alisation techniques. This work demonstrated t he QCM-
D as an effective tool t o invest igat e the influence of f luorescent probes in SLBs,
and indicated the need for caution in interpreting data based on the use of
fluorescent reporter molecules within SLBs.
The electrochemical changes including changes in capacitance,
resistance and the dielectric constant of POPC, POPC/PS, POPC/PI SLBs
follow ing treatment w ith different conce ntrations of DHA a nd in the
presence of Ca2+.
DHA h as p reviously b een shown to increas e membrane fluid ity, modulating
the activity of ion channels, t ransporter proteins and influence syn aptic activity
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of cell membranes [ 24]. In cultured cells, DHA treatment induced changes in
membrane microdomains t hat resulted in t he exc lusion of t he EGF receptor
from caveloin-rich lipid r afts, thus inhibiting the EGF pathway [ 25 ]. The abilit y
to identify changes in c apacitance, r esistance and the dielectric of lipid bilayers
provides a greater understanding of how c ell membranes can incorporate
charged DHA m olecules and its response on m embrane fluidity and
permeability. In our f inal data chapter, a detailed electrochemical i mpedanc e
spectroscopy ( EIS) analysis of t he interaction between FFA-DHA a n d a P O P C
SLB, PI and PS-mixed POPC SLBs, and POPC/PS SLBs f ormed in t he
presence of Ca2+ w ere made. Electrochemical im pedance s pectroscopy
provided a complementary technique to m easure the changes i n resistance
and capac itance when model m embranes were treated with DHA. By
analys ing EIS data in c onjunction with the QCM-D data, it was also mad e
possible to calculate t he dielectric constant , which pr ovided mo r e detailed
information relating to t he SLBs behaviour f ollowing DHA t reatment. For
example, an increase in c apacitanc e alone could signify a decrease in
thickness or t he moving of t he dielectric p lates closer t ogethe r (the t op and
bottom layers of the bilayer), however f rom the QCM-D Voigt-based m odelling,
the changes in thickness following DHA treatment had previously been
calculated, and therefore it was confirmed that t he POPC SLBs i ncrease in
capacitanc e was caus ed from t he additio n of charged DHA m olec ules ins ide
the lipid bilayer. Therefore, EIS was able to provide an additional ins ight t o
measuring a membranes ability t o hold charged molecules (via c hanges i n
dielectic), and what c onsequence this had on fluidit y and perme ability (via
changes in resistance).
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This study concluded that t he PO PC SLB was able to hold an increasing
amount of charged DHA molecules in both the FFA and micelle f orm. However,
when anionic phospholipids wer e present, to produce a negatively charged
bilay er, t he ability to incorporate charged DHA m olecu les was reduced. The
changes in dielectric for t he PI and PS-mixed SLBs s howed that the different
anionic phospholipids had their own unique influence on t he POPC SLB, wit h
the addition of PI r esulting in a s aturation effect, with no significant difference
in t he dielectric f ollowing the SLB treatment after the three DHA
concentrations. The EIS results also supported a more pronounc ed
substitution event f or the POPC / PS 8:2 SLB, compared to t he POPC/PS 9:1
SLB. EIS m ade it possible to determine DHA incorporation via an increase in
dielectric, when the QCM-D couldn’t sense it, for example a larger increase in
dielectric was calculated for the POPC/PS 9:1 SLB followin g 50µM DHA
treatment than expected from QCM-D r esults alone. I t is t herefore s uspected
that an exc hange proc ess occurred where a similar amount of phospho lip id
was pushed out in addition for DHA. Changes in resistance also provided
additional i nsight into the SLBs physicochemical c hanges f ollowing DH A
treatment, for instance, t he POPC/PS 8:2 SLB formed in t he presence of Ca2+
SLB was t he only SLB to r esult in an increase in r esistance follo wing DHA
treatment. This m ay indicate a r edistribution of Ca2+ within the SLB to produce
a more r esistive SLB, and highlights the influenc e DHA m ay have on
interactions between phospholipids and Ca2+ in cell membranes. DHAs ability
to disrupt microdomains has previously been reported [25].
Although it is assumed that t he unique lipid distribution withi n neuronal cell
membranes is important f or specific cellular processes, t he exact m echanism
is not well understood. QCM-D and EIS provide powerful t echniques t o show
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how t he pr esence of anionic phospholipids, PI and PS in t he POPC SLBs an d
Ca2+ r esulted in differences in DHA incorporation and changes t o viscoelastic
and physicochemical changes, including in the charge distribution,
permeability, fluidity and thickness.
Future directions
The model system used in this study utilises a simple protein-f ree lipid bilayer
model. It thus provides novel data about DHA interactions with lip id bilayers
in the absence of the influence of proteins. Future studies could use the
model system to interrogate the effects of other fatty acids including different
omega-3 and omega-6 fatty acids k nown to have a profound but not fully
characterised effects on lipid bilayers, particularly in relation to brain function.
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